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The two most important unconventional energy resources today a r e  atomic energy 
and s o l a r  energy. Importance i s  here  judged by t h e  a b i l i t y  of  t hese  two energy re -  
sources t o  shoulder important p a r t s  of t h e  world's  energy load before  t h e  end o f  t he  
present  century.  It i s  a l s o  influenced by a l ack  of resource r e s t r i c t i o n s  f o r  t h e  
i n d e f i n i t e  fu tu re  i n  t h e  case of s o l a r  energy and a comparative l ack  of  resource 
r e s t r i c t i o n s  i n  t h e  case  of atomic energy i f ,  as and when t h e  breeding of nuclear 
fue l s  becomes economically a t t r a c t i v e .  But t h i s  judgment of high promise i n  t h e  
case of atomic energy remains qua l i f i ed ,  a s  we shall  note, by problems of disposing 
of  t h e  l a r g e  quan t i t i e s  of nuclear waste ma te r i a l s  that  would b e  c rea ted  by exten- 
s ive  nuclear power generation. 

The unconventional energy resources abound, but are e i t h e r  inherent ly  l imi ted  
i n  poss ib le  s ign i f icance  or unproven economically t o  t h e  b e s t  knowledge of t h e  author.  
I n  t h e  f i r s t  group are wind and geothermal energy. For s p e c i f i c  l oca t ions ,  geother- 
m a l  energy has been of considerable value but  cur ren t  commercial output i s  even now 
only about 1,000 megawatts e l e c t r i c a l  (MWI, with about as much again i n  t h e  form of 
known reserves .1  The prospects f o r  u t i l i z a t i o n  of  wind power a r e  s imi l a r ly  l imi t ed .  
Af te r  ca re fu l  study, Putnam gives wind power a p o t e n t i a l  a proximately one - f i f th  
that  of hydroe lec t r ic  power i n  t h e  world's  energy economy, 
destined t o  sup l y  only  one or two pe r  cent of t h e  wor ld ' s  energy load  f o r  t h e  fo re -  
seeable fu ture .3  Putnam's ana lys i s  was  heavi ly  influenced by h i s  requirements f o r  
constancy of wind speed, which might not be as important i f  low cos t  storage becomes 
ava i lab le .  
including f u e l  c e l l s ,  cont ro l led  b io log ica l  photosynthesis of f i x e d  carbon i n  a l g a  
and o thers .  
i t s  author).  

5 . '  which i n  t u r n  seems 

I n  t h e  second category a r e  a v a r i e t y  of devices of unknown p o t e n t i a l ,  

By de f in i t i on ,  these  a r e  beyond t h e  scope of t h e  p re sen t  ana lys i s  (and 

Nuclear Power 

Economic analyses of t h e  prospects f o r  nuclear power have been dominated wi th in  
t h e  pas t  year by t h e  dec is ion  of  an e l e c t r i c  u t i l i t y ,  Je rsey  Cent ra l  Power and Light 
Conpany, t o  bu i ld  a nuclear p l an t ,  t h e  Oyster Creek Nuclear E l e c t r i c  Generating 
S ta t ion ,  t o  
hour (kwhr).$ This cos t  i s  below that which t h e  Atomic Energy Commission (AEC) had 
predic ted  l i k e l y  by 1970-75 i n  i t s  1962 "Report t o  t h e  President."5 The t u r n  of 
events na tu ra l ly  has a t t r a c t e d  considerable a t t e n t i o n  and w i l l  be used here  as a 
s t a r t i n g  poin t  f o r  appra i sa l  of t h e  economics of  nuclear power. The c e n t r a l  question 
pursued i n  t h e  following paragraphs i s  whether Je rsey  C e n t r a l ' s  ca lcu la t ions  r e f l e c t  
t h e  t r u e  cos t  of nuclear e l e c t r i c  power today. It w i l l  be  found tha t  they  come close 
t o  doing s o ,  but t h a t  for a society-wide evaluation of  t h e  portend of nuclear power, 
somewhat higher cos t s  should be used. The l a t t e r  are supplied and t h e i r  implications 
f o r  t h e  f u r t h e r  adoption of  nuclear technologies suggested. 

roduce e l e c t r i c  power a t  a cos t  i n  t h e  range of 4 m i l l s  pe r  kilowatt-  

Cost Determinants 

of nuclear power and conventional f o s s i l  f u e l  generated power i n  any given s i tua t ion .  
These a re :  

There a r e  f i v e  important economic va r i ab le s  t h a t  determine t h e  r e l a t i v e  cos t s  
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Annual f ixed charge on c a p i t a l  
Use fac tor  (defined a s  r a t i o  of kwhr a c t u a l l y  generated over 
p l a n t  l i f e t i m e  t o  product:  p lan t  capaci ty  x l i f e t i m e  hours i n  
serv ice)  
Size o f  p lan t  
Level of f u e l  cos t  
Public policy 

- 
1. 
2. 

3.  
4. 
5. 

The f i rs t  two var iab les  a re  important because nuclear power i s  more c a p i t a l  intensive 
than conventional power, <.e . ,  f o r  a given l e v e l  o f  output,  a l a r g e r  proportion of 
nuclear power c o s t s  are  i n  t h e  form of c a p i t a l  expenses than i s  the  case f o r  conven- 
t i o n a l  power. 
c l e a r  power and t h e  converse of  bo th  favor f o s s i l  f u e l  power. The t h i r d  var iab le  
der ives  i t s  importance from t h e  f a c t  t h a t  nuclear power cos ts  a re  reduced propor- 
t i o n a t e l y  more by increasing p l a n t  s i z e  than are conventional power costs .  The 
l a r g e r  t h e  p lan t ,  t h e  more favorable  a re  t h e  per kwhr c o s t s  f o r  nuclear power. 

Thus, a l o w  annual f ixed charge and a high use f a c t o r  both favor nu- 

The l e v e l  of f o s s i l  f u e l  cos t  i s  influenced i n  important degree by t ranspor ta t ion  
expenses. 
BTU i 
West.g In cont ras t ,  nuclear f u e l  i s  f o r  all p r a c t i c a l  purposes weightless per unit 
energy content.  
To t h e  extent  t h a t  nuclear power comes i n t o  use a t  competitive cost  l e v e l s  i n  t h e  
United S t a t e s ,  it w i l l  tend t o  even out t h e  geographic cost  s t r u c t u r e  of e l e c t r i c i t y ,  
though improvements i n  t h e  technology of long dis tance power transmission a r e  already 
working i n  t h i s  d i rec t ion .  

Thus, t h e  range i n  f u e l m s t  i n  t h e  United S t a t e s  i s  from 8 cents  per mill ion 
Texas t o  over 40 cents  per  mi l l ion  BTU i n  p a r t s  of New England and t h e  Far 

One pound of nuclear  f u e l  i s  t h e  equivalent of 1300 tons of coal.  

Final ly ,  t h e r e  i s  t h e  e f f e c t  of publ ic  p o l i c i e s .  A_FC has helped f inance a l a r g e  
number of high cos t  nuclear power s t a t i o n s  a s  a way of advancing power technologies,7 
and t h e r e  i s  every reason t o  expect these  p o l i c i e s  w i l l  continue. The c o s t s  of the 
p l a n t s  and the  power they produce must be charged against  technological  progress,  
including t h e  development of converter  and breeder reac tors .  The same must be said 
of var ious publ ic  a ids  t o  l a r g e  nuclear  p l a n t s  now on t h e  l i n e  but embodying e a r l i e r  
vers ions of' technologies now becoming competitive.8 To t h e  extent  t h a t  publ ic  costs  
a re  incurred f o r  nuclear  power s t a t i o n s ,  these  a r e  p a r t  of t h e  t o t a l  cos ts  t h a t  must 
be counted on a s o c i a l  balance sheet  f o r  t h e  evaluat ion of nuclear power. 

Oyster Creek Plan t  

Je rsey  Central .  Three a l t e r n a t i v e s  were considered: (1) a mine-mouth coal-f i red 
p l a n t  i n  western Pennsylvania which would feed e l e c t r i c i t y  i n t o  the  GPU system9 
through addi t iona l  high vol tage t ransmission l i n e s ;  (2)  a coa l - f i red  p lan t  a t  t h e  
Oyster Creek s i t e ;  and (3) t h e  Oyster Creek nuclear p lan t .  
been reduced t o  annual equivalents.1° 
f o r  blocks of y e a r s  by p lan t  age: 
Annual cos ts  were d i f f e r e n t  i n  each block of years,  due espec ia l ly  t o  a v a r i a t i o n  i n  
expected f u e l  cycle  cos ts .  I n  reducing t h e  Jersey Central  f igures  t o  annual equiva- 
l e n t s ,  t h e  reported cos ts  f o r  each block of years  were mult ipl ied by t h e i r  present 
worth f a c t o r s  and the  sum of a l l  such weighted c o s t s  were divided by t h e  present  
worth f a c t o r  f o r  t h e  e n t i r e  30 year  period. 

Table 1 summarizes t h e  comparison of f o s s i l  f u e l  and nuclear  power cos ts  made by 

A l l  production cos ts  have 
The f i g u r e s  reported by Jersey  Central  were 

1-5 years ,  6-10 years ,  11-20 years  and 21-30 years .  

The three  d i f f e r e n t  c a p a c i t i e s  l i s t e d  f o r  t h e  Oyster Creek Nuclear Plant  r e f l e c t  
an expected "s t re tch-out"  i n  capac i ty  a f t e r  the  p lan t  g e t s  i n t o  operation. 
E l e c t r i c ,  t h e  suppl ier  of t h e  nuclear  p l a n t ,  has s e t  a guaranteed capaci ty  of 565 KW 
but a n t i c i p a t e s  that "s t re tch-out"  w i l l  be rea l ized .  
620 KW "stretch-out" ,  but even w i t h  a "s t re tch-out"  t o  565 KW, t h e  f igures  i n  
Table 1 give t h e  edge t o  t h e  nuclear  p lan t .  
Table 1 t h e  advantage o f  t h e  Western Pennsylvania over the  Oyster Creek F o s s i l  Fuel 
p l a n t ,  a t t e s t i n g  t o  the  low c o s t s  of long dis tance power transmission today. A s  a 
r e s u l t ,  a p l a n t  located a t  t h e  mine mouth can take advantage of the  lower cos ts  of 
shipping e l e c t r i c i t y  r a t h e r  than coa l .  

General 

Je rsey  Central  plans f o r  t h e  

It i s  i n t e r e s t i n g  a l s o  t o  note from 
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TABLE 1 

Jersey Central Power and Light Company 
Cost Comparisons f o r  Oyster Creek Plant 

( l i f e t ime  annual equivalent cos t s ,  mills/kwhr) 

Foss i l  Fuel P lan ts  (600 MW) Oyster Creek 
Western Oyster Nuclear Plant 
Pa. Creek 515Mw 565MW 620NW - - -  

Plant  cos t ,  S / K W ~  105 110 132 120 100 
Foss i l  fue l  cost  per lo6 BTU 17c 26c 

b Fixed charges, mills/kwhr 
P lan t  and other working c a p i t a l  1 .771  1.449 1.770 1.613 1.474 
Fuel working c a p i t a l  0.033 0.047 0.348 0.326 0.29L 

Fuel expense 1.599 2.301 1.384 1.371 1.365 
0.405 Other operation and maintenance 0.493 

Total' 3.897 4.203 
- 0.594 0.551 0.516 

4.096 3.861 3.650 
--- 

a Transmission cos t s  a r e  included i n  fixed plant costs.  

Annual equivalent cos t s  a r e  the  weighted average of age-related cos t s  reported by 
Jersey  Central. h'eighting was made using present worth fac tors .  
used a 10.39% fixed charge on c a p i t a l ,  s t r a i g h t  l i n e  deprec ia t ion  expected l i f e  of 
30 years i n  a l l  p l an t s  and 40 years on transmission f a c i l i t i e s .  
f ac to r s  were assumed iden t i ca l  f o r  a l l  p l an t s  at 83 percent ,  but t h e  load fac tor  
ca l cu la t ion  f o r  the  f o s s i l  fue l  p l an t s  w a s  made using an "equivalent system" tech- 
nique. See Report, pp. 13-14. 

Minor d i f fe rencebetween t o t a l s  and sums of corresponding f igu res  a r e  due t o  round- 
ing. 

Je rsey  Central 

Lifetime load 

Source: Jersey Central  Power and Light Company, Report on Economic Analysis for  Oyster -- Creek Nuclear E lec t r i c  Generating S ta t ion  (February 1 7 ,  1964), Tables 1, 2 ,  3 
a s  modified by footnote b, above. 

I 
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The relevance of t h e  Jersey  Cent ra l  r e s u l t s  f o r  a nation-wide evaluat ion of nu- 
c l e a r  power depends on a nmber  of considerat ions,  including a t  l e a s t  th ree  points  
t h a t  have been raised i n  publ ic  discussion: 
( 3 )  the  prospects  for  "s t re tch-out";  and (3) whether the  b id  p r i c e  by t h e  General 
E l e c t r i c  Company f o r  t h e  nuclear  por t ions  of t h e  Oyster Creek p l a n t  represents  t r u e  
c o s t s  t o  GE ( a t  some assumed volume of production of s imi la r  p l a n t s ) ,  or whether, as 
some haxe argued, GE b id  too  low f o r  t h e  p lan t  cos ts  t o  be considered typ ica l .11  

(1) t h e  appropriate annudl f ixed  charge; 

It i s  unavoidably t r u e  t h a t  Je rsey  Central  used methods of determining required 
revenue f o r  f i x e d  charges t h a t  r e f l e c t  r a t e  making p r a c t i c e s  i n  the  s t a t e  of New 
Jersey and t h e  f inanc ia l  s t r u c t u r e  of t h e  u t i l i t y  i t s e l f  (although t h e  l a t t e r  was 
s implif ied f o r  the  sake of t h e  publ ic  r e p o r t ) .  It i s  another mat ter ,  however, t o  
develop f i g u r e s  for  a na t iona l  comparison. Using average s t a t e  and federa l  taxes ,  
average cos t  of c a p i t a l  and o t h e r  representa t ive  conditions,  t h e  Federal  Power Com- 
mission recommends a f i g u r e  of 13.9 per  cent f ixed charge on c a p i t a l  i n  making com- 
par isons of  production costs.12 
aown t o  13.5 per  cent t o  r e f l e c t  t h e  1964 f e d e r a l  corporation income tax reduction 
combined with omission of insurance charges.  This i s  s i g n i f i c a n t l y  higher than the  
10.39 per  cent  used b y  Je rsey  Cent ra l .  
they a re  very d i f f e r e n t  f o r  t h e  nuclear and conventional p l a n t s .  

For t h e  purpose a t  hand, t h i s  f igure  w i l l  be rounded 

Insurance charges a re  t r e a t e d  separately s ince 

Tne evidence regarding "s t re tch-out"  i s  inconclusive.  Phi l ip  Sporn, a respected 
spokesman f o r  t h e  e l e c t r i c  u t i l i t y  indus t ry ,  has estimated t h a t  t e n  per  cent i s  t he  
most l i k e l y  "s t re tch-out .  "13 A General E l e c t r i c  spokesman p r e d i c t s  t h a t  t h e  fu ture  
t rend w i l l  be toward design and cos t  es t imates  with l e s s  than 20 per  cent s t re tch.14 
In t h e  absence of more conclusive information, t h e  10 per cent f igure  I s  here judged 
s a f e s t  t o  use f o r  nuclear power cost  comparisons. 

The General Elec t r ic  Company i s  probably t h e  bes t  au thor i ty  f o r  t h e  question of 
f u t u r e  cont rac t  p r ices  involving t h e  c;E boi l ing  water reac tor .  The p r i c e s  and p o l i -  
c i e s  published by GE on September 21, 1964 form t h e  b a s i s  for da ta  t h a t  will be used 
TO represent  t h e  nuclear power p o t e n t i a l  i n  Table 2. 
higher than  those  for t h e  Oyster Creek p l a n t ,  but  t h e  d i f fe rence  i s  not g r e a t .  

The GE c o s t s  a re  s l i g h t l y  

Cost Comparison of Nuclear and Conventional Power 
The var ious refinements ind ica ted  above have been incorporated i n  Table 2 t o  give 

a general  comparison of nuclear  with coa l - f i red  technology i n  t h e  l a r g e  c e n t r a l  s ta -  
t i o n  p l a n t s  here  discussed. 
t i n g  expenses; therefore  two s e t s  of es t imates  a re  given f o r  these .  
t h a t  t h e  Sporn and GE es t imates  (both of  which have been modified by the  present  
author,  a s  indicated i n  Table 2) a re  i n  good agreement. Their g rea tes t  difference 
i s  i n  cos t  of insurance.  On t h i s  p o i n t ,  t h e  Sporn t o t a l  of insurance p lus  operation 
and maintenance costs i s  c loser  t o  t h a t  of the  Oyster Creek plant  than i s  t h e  cor- 
responding GE total . '5 
p lan t  technology, the m o s t  advanced under construct ion today. 

Some d i f fe rences  remain i n  nuclear f u e l  and other  opera- 
It w i l l  be noted 

Coal-f i red p l a n t s  a r e  represented by M r .  Sporn's Cardinal 

The most important message conveyed by Table 2 i s  t h a t  nuclear power p l a n t s  Can 
be b u i l t  today a t  a lower cos t  t o  e l e c t r i c  u t i l i t i e s  than t h e  b e s t  c o d - f i r e d  p lan ts  
i n  regions of moderate t o  high f o s s i l  f u e l  cos t .  Moreover, t h e  progress i n  nuclear 
technology t h a t  has l e d  t o  t h i s  r e s u l t  i s  sufficient1.y impressive t o  give credence 
t o  claims of expected continued downward t rends  i n  f u e l  costs ,16 which w i l l  i n  t u r n  
f u r t h e r  reduce nuclear f u e l  operat ing expenses. 

Soc ia l  Costs 

represented I n  Tables 1 and 2. Insofar  as  taxes  a re  concerned, no d i f f e r e n t i a t i o n  can 
The quest ion immediately a r i s e s  as t o  whether all c o s t s  o f  nuclear power a re  

be-made between nuclear and conventional power since t h e  FPC r a t e  of 13.5 per  cent 
was used f o r  both.  There a re ,  however, t h r e e  AEC p o l i c i e s  t h a t  help defray cos ts  of 
nuclear power: 
years  o f  operat ion;  and 73) p r i c e  supports for byproduct plutonium production. 

(1) desi  n ass i s tance ;  (2)  waiver of f u e l  use charge f o r  f i r s t  f i v e  

I 
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TABLE 2 

GENERAL COST COMPARISON OF NUCLEAR AND COAL-FIRED PLANT TECHNOLOGIES 

( l i f e t ime  annual equivalent cos t s ,  mills/kwhr) 

Coal-Fired Unit Nuclear Unit 
(Cardinal-type p lan t )  _(Boiling Water Reactor1 

Capacity, megawatts 
Unit c a p i t a l  cos t ,  $/KW 

615 
107 

600, 
126 

Sporn GE 6 Coal c o s t s  per 10 BTU 
2% 25c 

b 2.07 b Fixed charges 
Plantb 2.07 

es t imates  es t imates  

2.43b 2 -43 b b 2.07 
Fuel work&ng 

capi  t a1  0.03' 0.04c 0.05' 0.33' 0.33' 

Fuel expense % 1.73 2.16 2.60 1 .45d 1 .51e 
Operation and 

maintenance 0.30 0.30 0.30 0.35 0.31 

Insurance 0.08 - - neg . f 0.20 f - neg . f neg . - 
Tota l  4.13 4.57 5.02 4.76 4.66 

a Estimated p lan t  cos t s  a t  $121. per i n s t a l l e d  k i lowat t  by in t e rpo la t ion  of informa- 
formation supplied by GE, increased by 15 percent t o  allow for  construction, 
i n t e r e s t ,  land and r e l a t ed  cos t  as i n  S ta thakis  ( see  source o f  t h i s  t ab le )  t o  give 
$139. per k i lowat t ,  which was divided by 1.10 t o  allow fo r  t e n  percent s t re tch-out ,  
g iv ing  the  r e su l t i ng  $126. per kilowatt .  

Based on 13.5 percent f ixed  charge, 80 percent load fac tor .  

Obtained from Table 1 supra. Fuel working c a p i t a l  cos t s  were omJtted i n  a l l  o r i g i -  
na l  estimates.  It w i l l  be noted t h a t  t he  fue l  working c a p i t a l  c o s t s  used i n  Table 2 
were based on fixed charges of  10.39 percent as opposed t o  13.5 percent used i n  the 
remainder of t h i s  tab le .  No cor rec t ion  has been made fo r  t h i s  difference because 
of the  complexities of  imputing fue l  cos t s  a t  d i f f e r e n t  periods of time. 
statement i n  tu rn  a i d s  nuclear power more than conventional power .  

Equivalent annual f u e l  expense obtained by Sporn apparently using weighted average 
l i f e t ime  value obtained by present  worth f ac to r s .  

e For representa t ive  "equilibrium core" a s  described by Strathalds (see source of t h i s  
tab le ) .  

Insurance on conventional p l a n t s  is ca lcu la ted  using the  Federal Power Commission 
recommended r a t e  of 0.25 percent fo r  each k i lowat t  of capacity investment. 

The under- 

Source: Coal-fired un i t  and Sporn estimates of nuclear u n i t  a r e  from Ph i l ip  Sporn, 
"A Post-Oyster Creek Evaluation of  t h e  Current S t a tus  of Nuclear E l e c t r i c  
Generation", Jo in t  Committee on Atomic Energy, 88 th  Congress, 2nd Session, 
Nuclear Power &onornics - w v s i  s & Comments - =,(Washington, D.C., 
1964), Table 4 except as modified by footnotes above. 

GE es t imates  are from G. J .S t ra thakis ,  "Buclear Power Drives Energy Costs Down", 
Electrical !Jorld (October 5, 1964) except as modified by footnotes above. 
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These t h r e e  a re  a-"-ailable f o r  l a r g e  c e n t r a l  s t a t i o n s  of t h e  type here under discus- 
sion. 

Design cos ts  may o r  may not be l a r g e ,  depending on whether research and develop- 
ment i s  necessary for  any p a r t s  o f  t h e  system. I f  so, AEC i s  w i l l i n g  t o  finance the  
research and development c o s t s l 7  and this p a r t  of t h e  expense must be regarded as  a 
subsidy i n  t h e  i n t e r e s t  of progress ,  a s  noted i n  previous discussion. The Oyster 
Creek p l a n t  w a s  not  designed a t  AEC expense, nor did it u t i l i z e  design concepts t h a t  
necess i ta ted  R&D programs. Hence The f i g u r e s  shown i n  Table 1 include design ex- 
penses, but  for a plant whose b a s i c  technology had been previously establ ished.  
Taole 2 i s  based on the same nuclear  technology. 

The waiver of  fuel  use charge does not g r e a t l y  a f f e c t  t h e  previous calculat ions.  
The use charge represents  i n t e r e s t  on f u e l  inventory owned by AEC but used by t h e  
e l e c t r i c  u t i l i t y .  
charge adds $11 t o  $13 per  ki lowatt  t o  t h e  cost  of t h e  Oyster Creek p lan t .  Jersey 
Central  d id  not take advantage o f  the  waiver i n  i t s  ca lcu la t ions ,  but i f  i t  had done 
so, t h e  e f f e c t  would have been t o  reduce l i f e t i m e  annual equivalent cos ts  by about 
0.06 mills/kwhr i n  the  10 per  c e n t  "s t re tch-out"  (565 KW) p lan t .  AEC has now recom- 
mended t h a t  l e g a l  requirements be changed t o  permit p r i v a t e  ownership o f  spec ia l  nu- 
c l e a r  materials.18 
f u e l s  would i n  i t s  case r e s u l t  i n  a c a p i t a l  expense of $22 t o  $30 per ki lowatt .  "he 
ca lcu la t ions  f o r  t h e  Oyster Creek p lan t  assume t h a t  p r i v a t e  ownership of 'nuclear 
f u e l s  w i l l ,  i n  f a c t ,  commence on J u l y  1, 1973 and t h e  f u e l  working c a p i t a l  cost  re -  
f l e c t s  t h i s  assumption. If p r i v a t e  ownership were t o  e x i s t  from t h e  time of i n i t i a l  
operat ion of t h e  Oyster Creek p l a n t ,  t h e  c o s t s  would be about 0.04 mills/kwhr higher 
f o r  t h e  10 per  cent  'ktretch-oud' (565 KW) p l a n t . l g  Again, t h e  e f f e c t  of publ ic  pol icy 
i s  small  enough t h a t  no important changes need be made i n  preceding conclusions. 

With present  AFC p o l i c i e s ,  Jersey Central  estimated t h a t  t h e  use 

Jersey Cent ra l  c a l c u l a t e s  t h a t  p r i v a t e  ownership of f i ss ionable  

With respect  t o  plutonium buy-back, AEC has estimated t h a t  i t s  current  p r i c e  of 
$10.00 per gram f o r  plutonium iso topes  239 and 241 i n  n i t r a t e  form represents  what 
the  f r e e  market p r i c e  w i l l  be i n  t h e  near future ,20 i . e . ,  before breeder reac tors  
are  i n  commercial use. Insofar  as power appl ica t ions  are  concerned, t h i s  i s  t h e  
economically cor rec t  ob 'ect ive and t h e  author i s  i n  no pos i t ion  t o  question t h e  numer- 
i c a l  value s e t  by A,,.'' Je rsey  Central  s t a t e s  t h a t  i n  i t s  ca lcu la t ions ,  "the t o t a l  
plutonium c r e d i t  averages l e s s  than 0.25 mills/kwhr." 
s iderable  change i n  the plutonium buy-back p r i c e  t o  a f f e c t  t h e  competitive s t a t u s  of 
nuclear power and any fu ture  change i s  more l i k e l y  t o  be upward than downward (be- 
cause of t h e  f u t u r e  p o s s i b i l i t y  of  using plutonium r e a c t o r s  f o r  power), which w i l l  
reduce the  cos t  of nuclear power i n  today 's  reac tors .  

Thus, it would take a con- 

F ina l ly ,  t h e r e  i s  t h e  p o s s i b i l i t y  of s o c i a l  cos ts  i n  t h e  form of radioact ive 
wastes.  These c o s t s  are d i f f e r e n t  from any thus f a r  considered i n  t h a t  they w i l l  
never be encountered i n  t h e  market place except t o  t h e  extent  t h a t  publ ic  regulat ions 
requi re  methods of radioact ive cont ro l  f o r  which p r i v a t e  f i rms must pay. The pros- 
p e c t s  f o r  sa fe  waste disposal  a r e  not reassuring when account i s  taken of t h e  l a r g e  
volume of wastes t h a t  would be produced by widespread i n s t a l l a t i o n  of nuclear power. 
AEC discussed methods o f  sa fe  d isposa l  i n  i t s  1962 "Report t o  the  President" with the  
c l e a r  inference t h a t  environmental inves t iga t ions  had not y e t  reached t h e  point  a t  
which reasonable technica l  c r i t e r i a  had been establ ished f o r  safe  disposal  of very 
low rad ioac t ive  e f f luents  i n t o  t h e  environment.22 AEC a l s o  discussed t h e  disposal  
o f  high l e v e l  wastes i n  i t s  1962 "Report t o  the President" ind ica t ing  i n  t h a t  discus- 
sion t h a t  "aside from the  c e n t r a l  reac tor  development program proper, no other  phase 
of t h e  e n t i r e  ( c i v i l i a n  r e a c t o r )  program i s  more important than t h a t  of waste d i s -  
p o ~ a l . " ~ ~  
d isposa l  were s t i l l  i n  t h e  research  stage.24 

A t  t h e  same time, AEC ind ica ted  t h a t  p lans  f o r  u l t imate  high l e v e l  waste 

Unt i l  a safe  program i s  designed t o  handle u l t imate  s torage of high l e v e l  wastes 
i n  l a r g e  volume and until environmental standards a re  es tabl ished which w i l l  prevent 
undue environmental concentrations of rad ioac t ive  mater ia l s ,  t h e  author cannot look 
with equanimity on the  expansion of nuclear  power generating capacity.  If the  costs  



37 

of r a d i o a c t i v i t y  controls  increase t h e  c o s t s  of nuclear power, then t h i s  i s  as  it 
should be.  
byproducts. Now, 
we are  t a l k i n g  about po l lu tan ts  t h a t  l a s t  decades, cen tur ies  i n  some cases .  It i s  
asking very l i t t l e  t o  decide how we s h a l l  l i v e  with t h e  volume of  radioact ive waste 
mater ia l s  i n  prospect before we s e t  out on a course t h a t  presupposes t h e i r  creat ion.  

Those who pay f o r  t h e  power must a l s o  pay f o r  t h e  cont ro l  of any unwanted 
We as a nat ion have an unenviable h i s t o r y  of p o l l u t i o n  control .  

System Costs 

s o c i a l  c o s t s  of power production, c e r t a i n  observations can be made on t h e  in tegra t ion  
of nuclear power i n  conventional e l e c t r i c a l  g r i d s .  

On t h e  assumption t h a t  nuclear power c o s t s  are f u l l y  es tabl ished t o  include all 

F i r s t ,  it w i l l  be reca l led  t h a t  t h e  d a t a  i n  Tables 1 and 2 a r e  f o r  600 IvIW p l a n t s .  
These a r e  l a r g e  c e n t r a l  s t a t i o n  p lan ts .  A t  one-tenth t h e  s i z e  of the  nuclear p l a n t  
on which Table 2 i s  based, S t ra thakis  repor t s  over 2 t imes the  cos t  he est imates  for 
the  Table 2 plant .25 
which ind ica te  a 48 per cent increase i n  per  kwhr cos ts  a s  a r e s u l t  of a tenfo ld  re -  
duction i n  p lan t  size.26 
which nuclear power has t h e  cos t  advantage and below which conventional power has t h e  
cost  advantage. The s ize  of e l e c t r i c  power generating s t a t i o n s  depends on a compro- 
mise between market dens i ty  and cos ts  of transmission, t o  nane only  t h e  most impor- 
t a n t  var iables .27 

I n  cont ras t ,  Barzel gives  r e s u l t s  f o r  conventional steam p l a n t s  

The inference i s  t h a t  t h e r e  i s  a s ize  threshhold above 

J u s t  a s  t h e r e  i s  a s i z e  d i s t r i b u t i o n ,  so i s  t h e r e  a use f a c t o r  d i s t r i b u t i o n  among 
e l e c t r i c  power s t a t i o n s .  
ployed i n  Tables 1 and 2 (83 per  cent and 80 per cent ,  respec t ive ly) .  
noted, high use f a c t o r s  favor t h e  capi ta l - in tens ive  technology by spreading f ixed  
c o s t s  over a l a r g e r  output .  The t y p i c a l  d i s t r i b u t i o n  of use f a c t o r s  among e l e c t r i c  
power s t a t i o n s  i n  a given system i s  a compromise between age d i s t r i b u t i o n  of p l a n t s  
and t h e i r  operating expenses i n  t h e  l i g h t  of t h e  cos ts  of power transmission. 
Operating expenses ase t y p i c a l l y  highest  i n  t h e  o ldes t  p lan ts ;  so as  p l a n t  age in-  
creases ,  it i s  customary t o  use t h e  p lan t  a smaller proportion of the  t ime. 
extreme are  peaking p l a n t s  designed f o r  very low load f a c t o r s  using technologies 
t h a t  a re  l e a s t  c a p i t a l  in tens ive  and most f u e l  in tens ive .  

It w i l l  be reca l led  t h a t  high l i f e t i m e  use f a c t o r s  were em- 
A s  previously 

A t  the  

Now, the  nuclear power p l a n t s  t h a t  are  i n s t a l l e d  f i r s t  i n  any given system can 
The reason t r u l y  be expected t o  have t h e  highest  use f a c t o r s  over t h e i r  l i f e t i m e s .  

i s  t h a t  they w i l l  have lower operat ing expenses f o r  t h e  same t o t a l  cos t  of power than 
w i l l  the  conventional p lan ts .  
83 per cent use f a c t o r  with i t s  Oyster Creek p lan t ,  but  would only expect use f a c t o r s  
i n  t h e  range of 60 per cent with the  f o s s i l  f u e l  a l te rna t ives28  (although they were 
compared a t  the  83 per cent l e v e l ) .  
nuclear power i n  t h e  sane system, however, w i l l  eventual ly  run i n t o  more adverse 
l i f e t i m e  use fac tors .  There i s  only so much base load t h a t  can be c a r r i e d  i n  any 
given system. 
requirements. 
competition with l e s s  c a p i t a l  in tens ive  technologies and f o r  lower use fac tors .  
J u s t  as  t h e r e  i s  a need f o r  peaking p l a n t s  today, so w i l l  there  be a need for  l e s s  
c a p i t a l  intensive technologies among power p l a n t s  i n  t h e  systems of tomorrow. 

Thus, Jersey Central  a c t u a l l y  expects t o  reali .ze an 

Later ca lcu la t ions  f o r  the  introduct ion of 

It i s  e l e c t r i c  power demand t h a t  determines the  t o t a l  system output 
Eventually,  prospect ive nuclear power addi t ions w i l l  be  considered i n  

An approximate ind ica t ion  of the  prospects  f o r  introducing nuclear energy i n  
today ' s  e l e c t r i c  power systems can be found by noting the  incidence of l a r g e  p l a n t s  
i n  t h e  high and moderake cost  f o s s i l  f u e l  areas .  
by f o s s i l  f u e l  cost  areas  i s  shovm i n  Table 3 and by p l a n t  s ize  i n  Table 4. 
t o  Table 3, it appears t h a t  about' half  of t h e  n a t i o n ' s  thermal generat ing capacity 
i s  i n  t h e  cos t  range i n  which an  advantage i s  shown f o r  nuclear power a t  the  600 MW 
s i z e  l e v e l  (compare Table 2 )  if we ignore poss ib le  cos t  d i f fe rences  t h a t  might r e s u l t  
from d i f f e r e n t  environmental hea l th  standards.  From Table 4, we note t h a t  t h e  number 
of power p l a n t s  of l a r g e  s i z e  i s  r e l a t i v e l y  l imi ted .  
f o r  l a r g e  plant  s,ize t o  be more important i n  t h e  f i r s t ,  second and eighth FPC regions,  

The geographic incidence of capaci ty  
Referring 

There i s  a tendency, however, 
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where f o s s i l  f u e l  cos ts  a r e  higher  (compare Table 3). It i s  c l e a r  t h a t  t h e  ex is t ing  
geographic s t r u c t u r e  of  conventional f u e l  c o s t s  and s i z e  s t r u c t u r e  of ex is t ing  power 
systems permit considerable scope f o r  introduct jon of nuclear power p lan ts .  
exact conclusion would requi re  considerably deeper ana lys i s ,  including s ize  and c o s i  
t r e n d s  f o r  both nuclear and conventional p lan ts ,  which depend not o n l y  on p lan t  tech-  
nological  developments, but a l s o  on regional  f u e l  cost  changes (see l a s t  column of 
Table 3 d e n s i t y  of  markets f o r  f u t u r e  power, t rends  i n  transmission cos ts  and 
o thers  . h ~  

A more 

Locational and Aggregative Economic Effec ts  

S t a t e s  were in tens ive ly  s tudied by Schurr and Marschak over a decade ago.30 
wcrk i s  s t i l l  re levant  f o r  t h i s  s p e c i a l  top ic .  The lower l e v e l  of power cos ts  con- 
s idered i n  t h e  Schurr-Marschak ana lys i s  was 4.0 mills/kwhr, a value which appears 
from Table 2 within the range of coa l  f i r e d  as  wel l  as  nuclear powered p lan ts ,  but 
the  former only f o r  c e r t a i n  regions,  not f o r  t h e  broad range o f  l o c a l i t i e s  where 
nuclear power might be ava i lab le .  

The e f f e c t s  of reduced e l e c t r i c  power cos ts  on d i f f e r e n t  i n d u s t r i e s  i n  t h e  United 
Their 

It would be impossible i n  a sumnary t o  do j u s t i c e  t o  Schurr -and Marschak's 
f ind ings ;  moreover, there  i s  t h e  p o s s i b i l i t y  t h a t  new process technologies i n  the 
i n d u s t r i e s  analyzed could cause some amendments of  t h e  d e t a i l s .  It i s  informative, 
however, t o  note t h e  t h r e e  c l a s s e s  of  economic e f f e c t s  considered i n  t h e i r  study: 
(1) cost  reduct ion i n  heavy energy consuming indus t r ies ,  assuming no important changes 
i n  process  technologies;  (2) cos t  reduct ions and changes i n  process technologies t h a t  
might r e s u l t  from lower energy c o s t s ;  (3) poss ib le  changes i n  t h e  loca t ion  of manu- 
f a c t u r i n g  establishments a s  a r e s u l t  of lower cos t  energy. Only a l imi ted  number o f  
i n d u s t r i e s  consumed, o r  o f fe red  s u f f i c i e n t  prospects  of consuming, enough energy ( i n  
proport ion t o  all other cos-ts)  t o  be considered i n  the  ana lys i s .  
nw.; chlor ine  and caus t ic  soda; phosphate f e r t i l i z e r s ;  cement; b r ick ;  f l a t  glass;  
i ron  and s t e e l ;  and r a i l  t ranspor ta t ion .  Some of these  showed s e n s i t i v i t y  t o  energy 
cos t  changes i f  car r ied  t o  t h e  4.0 mills/kwhr l e v e l .  Others d i d  n o t .  We can gene- 
r a l i z e  t o  t h e  extent  of not ing t h a t  i n  individual  cases and where no process s h i f t  
was involved, t h e  production of a commodity having ubiquitous inputs  or a commodity 
with no important weight l o s s e s  between inputs  and outputs might become market or iented 
a s  t h e  r e s u l t  of lower power c o s t s  i n  the  v i c i n i t y  of consumption centers .  The oppo- 
s i t e  p o s s i b i l i t y  e x i s t s  where reduced power cos ts  at raw mater ia l s  cen ters  would " 

a t t r a c t  production operations of a weight los ing  commodity. In both cases,  t h e  ava i l -  
a b i l i t y  of low cost  nuclear power (or heat )  over wide geographic areas  must be com- 
bined with s u f f i c i e n t l y  important p o t e n t i a l  advantages of market, r a w  mater ia l s  or 
other  inf luence t o  change t h e  balance away from a loca t ion  t h a t  i s  now strongly 
a f fec ted  by low cos t  power from hydroe lec t r ic  sites o r  perhaps from na tura l  gas. 
Where a process  s h i f t  i s  involved, t h e  l o g i c  of  t h e  s i t u a t i o n  suggests t h a t  bulk 
energy consumption i s  en ter ing  production processes f o r t h e  f i r s t  time and the  loca-  
t i o n  of t h e  s i t e  of .product ion i s  reoptimized anew taking account of energy,costs  i n  
g r e a t e r  measure than  before .  

These were: a l u m i -  

The aggregative e f f e c t s  of  reduced energy c o s t s  on t h e  nat ional  economy w i l l  be 
q u i t e  small as compared w i t h  t h e  t o t a l  of all o ther  economic a c t i v i t i e s .  AEC e s t i -  
mated i n  i t s  1962 "Report t o  t h e  President"  t h a t  by the  end of t h e  twent ie th  century, 
projected uses of nuclear power would r e s u l t  i n  cumulated savings i n  generation cos ts  
of about $30 b i l l i o n  
5 per  cent i n t e r e s t . 3 l  
nuclear  power c o s t s  from expected conventional power c o s t s  using AEC's projected 
schedule of nuclear power addi t ions .  I n  comparison with an annual r a t e  of Gross 
National Product close t o  $625 b i l l i o n  i n  1965 and a projected GNP of  $2007 b i l l i o n  
i n  year  2000,32 t h e  e m u l a t i v e  t o t a l  i n  savings do not appear l a r g e .  But other  ag- 
gregat ive e f f e c t s  must be considered. 

t h e  discounted present  value of which would be $10 b i l l i o n  at 
The est imate  was based on a simple subtract ion of expected 

With a reduction i n  t h e  p r i c e  of energy, consumers ga in  purchasing power, some 
of which w i l l  normally be used f o r  t h e  purchase o f  addi t iona l  energy and t h e  r e s t  of 
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which w i l l  be used for other  purposes. 
i n  r e a l  income can r e s u l t  i n  more l e i s u r e .  All increases  i n  consumption have t h e i r  
secondary and t e r t i a r y  e f f e c t s  on the  suppl ie rs  of t h e  goods t h a t  a r e  being brought 
i n t o  service,  with t h e  r e s u l t  t h a t  the  e f f e c t s  a re  perpetuated i n  i n f i n i t e  regression.  
It i s  t h e  t o t a l  cumulation of a l l  secondary and higher order e f f e c t s  with the  i n i t i a l  
cos t  savings t h a t  produces a more comprehensive measure of a given r e a l  cost  reduc- 
t i o n .  
e f f e c t s  w i l l  be t o  increase t h e  i n i t i a l  benef i t  (as, e.g. ,  estimated by AEC) several  
fo ld ,  probably by a f a c t o r  grea te r  than 1.5 and l e s s  than  6.0.33 It i s  s t i l l  c l e a r  
t h a t  the  aggregative e f f e c t s  of t h e  cost  savings w i l l  be s m a l l  a s  compared with the  
cumulated Gross National Product f o r  t h e  same years .  

Other Uses of Nuclear Power 

space heating. This appl ica t ion  i s  s imi la r  t o  t h e  generation of e l e c t r i c  power except 
t h a t  steam heat  i s  d i s t r i b u t e d  d i r e c t l y  t o  t h e  consumer locat ion.  Space heat ing con- 
sumes 20 per cent of the  t o t a l  energy i n  t h e  United S t a t e s  t 0 d a y , 3 ~  but a t  the  present  
time t h e  heat  l o s s e s  from steam d i s t r i b u t e d  by c e n t r a l  d i s t r i c t  p l a n t s ,  combined with 
the  required economies of sca le  f o r  nuclear power p lan ts ,  l i m i t  prospect ive appl ica-  
t i o n s  t o  densely populated areas  where cold winters  a re  experienced. 
Ivlarschak i n  t h e i r  exploratory study found t h a t  t h e  combination o f  conditions t h a t  
might make c e n t r a l  d i s t r i c t  space heating economically a t t r a c t i v e  a re  most l i k e l y  t o  
be found i n  New York, Boston, Buffalo,  Chicago, Milwaukee and Newark, Patterson and 
Jersey City.35 
appl icat ions economically v iab le ,  the  nuclear reac tor  must be loca ted  i n  t h e  middle 
of a densely populated area.  
standpoint of  publ ic  sa fe ty .  

Over a long enough per iod of time, increases  

I n  any p a r t i c u l a r  case,  t h e  t o t a l  e f f e c t  of t h e  i n f i n i t e  s e r i e s  of derived 

One poss ib le  use of heat from nuclear reac tors  i s  f o r  c e n t r a l  d i s t r i c t  urban 

Schurr and 

The pr inc ipa l  d i f f i c u l t y  i s  i n  t h e  s i t i n g  requirements. To make such 

We are  not ye t  ready t o  approve such loca t ion  f r o m  the 

Another c lose ly  r e l a t e d  appl ica t ion  i s  t h e  generation of nuclear power f o r  the  
propulsion of ocean vesse ls .  
bu t  t h e  author i s  informed t h a t  cos ts  on t h i s  v e s s e l  a r e  unrepresentative of current  
nuclear propulsion technologies.  
however, by noting t h a t  t h e  U. S. Navy uses a f a c t o r  of 1 . 5  as  a r u l e  of thumb i n  
r e l a t i n g  nuclear power p lan t  construct ion c o s t s  t o  those of conventional power p l a n t s  
of the same s i z e  f o r  surface ~ e s s e l s . 3 ~  
i s  not c lear  from information available.37 
i n  a i r c r a f t ,  locomotives and automobiles, nuclear propulsion seems out of the question 
f o r  the  i n d e f i n i t e  fu ture  (unless for  m i l i t a r y  pmposes,  where cos t  i s  not a d e t e r r e n t ) .  
I f  nuclear power i s  used i n  t h e  p r i v a t e  sec tor ,  it w i l l  probably be  i n  t h e  form of 
e l e c t r i c a l  energy supplied from a cent ra l  power s t a t i o n .  

The nuclear ship Savannah immediately comes t o  mind, 

An approach t o  t h e  quest ion of cos ts  can be made, 

Operating c o s t s  a re  higher ,  but  the  extent  
For smaller power p l a n t s ,  such as used 

A s tep  fur ther  removed i s  t h e  d i r e c t  use of nuclear heat f o r  i n d u s t r i a l  processes.  
This top ic  was the  subject  of extensive inves t iga t ion  by AEC i n  t h e  l a t e  1950’s. Two 
d i f f i c u l t i e s  were encountered. F i r s t ,  reac tor  technologies t h a t  a r e  low cost  today 
produce heat a t  r e l a t i v e l y  low temperatures as  compared with t h e  needs i n  many indus- 
t r ial  processes .  
it must be of enormous s i z e .  
p o t e n t i a l l y  economic process heat appl icat ion was found. 

Second, before low cost energy can be obtained from a nuclear reac tor ,  
A s  a r e s u l t  of these  l i m i t a t ’ o n s  i n  combination, “no 

1138 

A new energy consumer, as  ye t  unimportant i n  the na t iona l  (or world) energy 
economy, i s  desa l in iza t ion  of water. A s  population grows and ( i n  t h e  United S ta tes ,  
a t  l e a s t )  water consumption per  c a p i t a  increases ,  it i s  prudent t o  look ahead t o  in-  
creased needs f o r  f r e s h  water f o r  all purposes. Nuclear power o f f e r s  some promise a s  
an energy source f o r  d i s t i l l a t i o n .  
have been b u i l t  i n  the  range of a mil l ion gal lons per day t o  produce water a t  a cost  
of about $1.00 per thousand gallons.39 
municipal water i n  many p a r t s  of t h e  United S ta tes ,  about four  t imes t h e  cost  of in-  
d u s t r ’ a l  water and seven or e ight  times t h a t  which i s  acceptable f o r  most a g r i c u t w a l  

Conventional energy p l a n t s  i n  t h e  United S ta tes  

This i s  about twice t h e  acceptable cost  of 

I f  p l a n t  output i s  increased approximately a thousand f o l d  t o  a b i l l i o n  



42 

gal lons per  day, numerous nuclear  p lan t  designs suggest t h a t  f r e s h  water can be pro- 
duced from nuclear  reac tors  a t  c o s t s  w e l l  wi thin t h e  range of municipal and commercial 
p r i c e s  today.41 With combined f r e s h  water and nuclear e l e c t r i c  power production 
( e l e c t r i c  powe? i i ?  the  range of 600 t o  1200 MW), some of the  c o s t s  could be borne by 
e l e c t r i c  power s a l e s  (assuming l a r g e  power markets could be reached) mid d i s t i u e d  
v a t e r  night  be s o l d  a t  a p i c e  low enough t o  reach t h e  upper range of p r i c e s  now 
acceptable f o r  irrigation.‘2 The prospect would seem t o  be of even grea te r  s i g n i f i -  
cance t o  those i n t e r e s t e d  i n  water r a t h e r  than energy resources,  but  t h e  f a c t  t h a t  
it i s  based on design, not experience,  must be kept i n  mind. 

Solar Energy 

The a t t r a c t i o n  of s o l a r  energy i s  i n  i t s  abundance and, from our standpoint,  un- 
l ip- i ted a v a i l a b i l i t y  over t i n e .  Solar  energy reaching Continental  United S ta tes  
annually i s  about 1.4 00 x 1OI2 kwhr; t h a t  reaching t h e  land areas  of t h e  world, 
246,000 x 10l2 kwhr.‘J Compare pro’ected t y r g y  needs by Schurr e t .  a l .  f o r  the  
United S t a t e s  i n  1975 at 21.8 x 10” kwhr. 
l i r r ? i t  of a range of energy consunption est imates  f o r  the  same year made by t h e  present 
author and extended t o  an energy consumption upper limit of 52.1 x 1012 kwhr i n  year 
2000.45 I f  only a f r a c t i o n  of one per  cent of t h e  so la r  energy reaching Continental  
United S t a t e s  could be u s e f u l l y  employed, it would s a t i s f y  all of our energy needs as 
f a r  i n  t h e  f u t u r e  as we can p r e d i c t  them. 

This f igure  corresponds t o  the  upper 

Solar  energy i s  l i k e  nuclear  energy- in  t h a t  f u e l  t ranspor ta t ion  cos ts  a re  of no 
s ignif icance.  The s o l a r  c l imate  v a r i e s  w i t h  t h e  l a t i t u d e  and season of the  year but  
i s  adequate f o r  many appl ica t ions  over l a r g e  areas  of t h e  world between the  f o r t y - f i f t h  
p a r a l l e l s  north and south. Solar  equipment i s  a lso l i k e  nuclear equipment i n  t h a t  it 
i s  c a p i t a l  in tens ive .  The i n i t i a l  investment c o n s t i t u t e s  a l a r g e  f r a c t i o n  of t o t a l  
l i f e t i m e  expense f o r  s o l a r  devices.  I n  several  other  respects ,  so la r  energy has eco- 
nomic c h a r a c t e r i s t i c s  opposi te  those of nuclear power. 

Differences i n  q u a l i t y  a r e  r e a d i l y  apparent. For nuclear power, Roddis c i t e s  
evidence of load following c h a r a c t e r i s t i c s  and r e l i a b i l i t y  t h a t  surpasses even those 
0.f t h e  b e s t  f o s s i l - f u e l e d  plants .46 Solar energy, on the other  hand, i s  o f  very low 
q u a l i t y  due t o  i t s  low i n t e n s i t y  and i n t e r r u p t i b i l i t y .  
temperatures a t  which s o l a r  energy can be used except where o p t i c a l  focussing systems 
are  employed. For a s u f f i c i e n t  expenditure on a s o l a r  focussing co l lec tor ,  almost 
any temperature a t t a i n a b l e  on e a r t h  can be achieved. I n t e r r u p t i b i l i t y  l ikewise has 
i t s  cos ts ,  depending on t h e  use envisaged. Energy s torage can bridge t h e  nocturnal 
disappearance of the energy source or can extepd co l lec ted  energy a v a i l a b i l i t y  over 
longer per iods o f  t i m e .  Energy s torage has  i t s  cos ts ,  but  i s  not always necessary. 
Low q u a l i t y  i n t e r r u p t i b l e  energy might be q u i t e  s a t i s f a c t o r y  i n  some uses,  depending 
on t h e  design of the prime mover. 
prevent i t s  use I n  c e r t a i n  appl ica t ions  such as water pumping f o r  i r r i g a t i o n .  Indeed, 
there  i s  a rough cor re la t ion  between the  a v a i l a b i l i t y  of solar energy and the  need 
f o r  i r r i g a t i o n  water. The c o r r e l a t i o n  i s  b e t t e r  f o r  space cooling but tends t o  be 
roughly inverse f o r  space heat ing.  P r a c t i c a l l y  continuous energy must be avai lable  
f o r  s t i l l  other  uses such a s  food r e f r i g e r a t i o n  and manufacturing. Energy s torage 
cos ts  assume d i f f e r e n t  importance f o r  d i f f e r e n t  appl ica t ions  and w i l l ,  of course, 
vary with t h e  so la r  climate.  

Low i n t e n s i t y  l i m i t s  t h e  

The i n t e r r u p t i b i l i t y  of  s o l a r  energy does not 

Solar energy i s  &so opposi te  of nuclear power i n  i t s  sca le  ( o r  s i z e )  economies. 
Nuclear power tends t o  f i n d  i t s  comparative advantage i n  mammoth appl icat ions,  as  
we have noted. Solar  devices  a r e  comparatively b e t t e r  in.midget appl icat ions.  
of the  l a t t e r  a r e  roof hot water hea te rs ,  s m a l l  scale  d i s t i l l a t i o n  and, i n  recent 
years ,  midget power u n i t s  f o r .  e a r t h  s a t e l l i t e s .  Solar space heat ing remains l a r g e l y  
i n  the  technological  fu ture ,  b u t  when it comes, it w i l l  be bes t  su i ted  f o r  i so la ted  
loca t ions  where conventional f u e l s  are expensive. I n  cont ras t ,  we have noted t h a t  
nuclear energy might be used f o r  c e n t r a l  d i s t r i c t  space hea t ,  but only i n  exceedingly 
dense Fopulation centers .  Other examples w i l l  become apparent i n  t h e  course of SUC- 

ceeding ana lys i s .  

Typical 
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The s o l a r  equipment discussed here in  w i l l  be f o r  power ( t e r r e s t i a l  appl icat ions) ,  
space hea t ,  and water d i s t i l l a t i o n .  There a re ,  of  course,  other  appl icat ions o f  
solar energy: f o r  cooking, f o r  a g r i c u l t u r a l  drying, f o r  high temperature production 
i n  a s o l a r  furnace,  t o  name a few. Solar power i s  p o t e n t i a l l y  important i n  economic 
development. 
f r a c t i o n  of t h e  space heat  load.  
water resource standpoint.  
The prospects  are  s u f f i c i e n t l y  encouraging, however, t o  j u s t i f y  an analysis  of solar 
energy 's  current  s t a t u s .  

Solar space hea t  o f f e r s  promise of some day carrying a s ign i f icant  
Solar d i s t i l l a t i o n  i s  important from a long-term 

But all are  present ly  l imi ted  by cos t  considerat ions.  

The s o l a r  energy systems w i l l  be evaluated using a f ixed  r a d i a t i o n  i n t e n s i t y  of 
180 Kcal/cm.2,yr. 
S t a t e s ,  North Africa,  t h e  ear  East ,  Central  I n d i a  and other  loca t ions  favorably 
s i t u a t e d  for  solar e n e r g ~ . ~ 7  Solar rad ia t ion  i s  not t h e  only cl imatological  var iab le  
t h a t  a f f e c t s  t h e  performance of s o l a r  equipment. Two o thers  important i n  determining 
heat  l o s s e s  a r e  ambient temperature.and wind speed. A comprehensive analysis  would 
take account of t e las t  two, but  t h e  r e s u l t s  would be or iented more spec i f ica l ly  t o  
a f ixed  location.k8 For present  purposes, it w i l l  be s u f f i c i e n t  t o  use f ixed o v e r a l l  
energy conversion e f f ic iency  f a c t o r s .  
sen ta t ive  e f f e c t  of other  c l imatological  var iab les ,  a s  noted above, and also cons t i -  
t u t e s  an oversimplif icat ion i n  the  sense t h a t  conversion i s  t y p i c a l l y  a nonlinear 
funct ion of energy i n t e n s i t y .  The f ixed  o v e r a l l  energy i n t e n s i t y  being used i s ,  i n  
t r u t h ,  t h e  average of a year ly  p a t t e r n  t h a t  shows considerable v a r i a t i o n  on a d a i l y  
and on an hourly b a s i s .  

This i s  a high l e v e l  of rad ia t ion ,  found i n  Southwestern United 

The use o f  such f a c t o r s  r e l i e s  on a mean repre- 

A second d i f f i c u l t y  with t h e  use of a s ingle  year ly  average r a d i a t i o n  i s  t h a t  
energy s torage needs depend on t h e  frequency d i s t r i b u t i o n  of r a d i a t i o n  in tens i ty .  
The durat ion of cloudy weather on any one day must be considered a s  p a r t  of a p a t t e r n  
i n  which preceding cloudy or sunny days have predetermined t h e  energy t h a t  w i l l  be i n  
s torage at t h e  beginning of t h a t  day. Thus, it i s  neces,sary t o  consider p a t t e r n s  of 
r a d i a t i o n  described i n  a complicated s t a t i s t i c a l  manner or t o  evaluate  equipment per-  
formance f o r  a spec i f ic  i d e n t i f i e d  period (e.g. ,  a year )  of weather observations.  
For t h e  l a t t e r  purpose, a recurs ive  system such as shown i n  Figure 1 i s  required.  
This system i s  being used by t h e  author f o r  computer evaluation of s o l a r  equipment. 

The use funct ion of output energy i s  equal ly  important. A use function t h a t  
requi res  energy during dayl ight  hours only w i l l  need l e s s  s torage than one intended 
t o  supply e l e c t r i c i t y  for night l i g h t i n g .  For t h e  sake of equipment evaluation herein,  
the  problems created by the  frequency d i s t r i b u t i o n  of sunl ight  and by t h e  use funct ion 
w i l l  not be e x p l i c i t l y  resolved. Instead,  equipment w i l l  be evaluated with d i f f e r e n t  
assumed requirements f o r  s torage expressed as  number of days capaci ty  at t h e  assumed 
s o l a r  r a d i a t i o n  i n t e n s i t y  l e v e l  of 140 Kcal/crn?, yr .  
so la r  power uni t s ,  cases  w i l l  undoubtedly be encountered i n  which it i s  not des i rab le  
t o  attempt t o  provide s u f f i c i e n t  storage,  whatever t h e  use funct ion.  Such a case i s  
found where t h e  year ly  weather p a t t e r n  regular ly  br ings extended cloudy per iods,  a s  
i n  t h e  monsoon climates.  
t o  be provided i f  a so la r  energy source i s  t o  be used a t  all, or, it might be neces- 
sary t o  employ an a l t e r n a t i v e  use function, depending on t h e  value of energy input 
f o r  t h e  case a t  hand. A t h i r d  p o s s i b i l i t y  i s  t o  in tegra te  a wind power system i n  
p a r a l l e l  with a so la r  power system. I n  many cases,  t h i s  approach o f f e r s  some promise 

c o s t s  of wind power and s torage for a given output.  

I n  p r a c t i c a l  appl icat ions of 

I n  such instances,  standby conventional equipment w i l l  have 

of reducing storage needs. The exact advantages, any, depend on a comparison of 

The two pr inc ipa l  components of most so la r  devices a r e  t h e  c o l l e c t o r  and t h e  
s torage unit. Where a high temperature hea t  source i s  required,  as  i n  most power 
systems, a focussing c o l l e c t o r  i s  used. 
( d i r e c t  rad ia t ion)  be ava i lab le .  
a re  nonfocussing and can c o l l e c t  energy i n  t h e  form of d i f fuse  r a d i a t i o n  on cloudy 
days. 
days. 
sky cover i s  t h i n  or may decrease ( i n  absolute v a l u e ) . i f  sky cover i s  h e a ~ y . 5 ~  

This i n  t u r n  requi res  t h a t  d i r e c t  sunl ight  
Other c o l l e c t o r s ,  such as  used f o r  space heat ing,  

Diffuse rad ia t ion  accounts f o r  about 1 5  per cent of t h e  rad ian t  energy on c lear  
On cloudy days, d i f f u s e  rad ia t ion  may a c t u a l l y  increase i n  absolute value i f  
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Economic optimization of equipment design i s  achieved i n  any given climate by 

Refer t o  Figure 1. Thus, a given l e v e l  of 
bala;::ii:g t h e  cos t  of c o l l e c t o r  against  t h e  cos t  of s torage f o r  a given energy out- 
pul; ;i.itii. a given l e v e l  of r e l i a b i l i t y .  
6 ,  say 99 per  cent ,  can be  achieved e i t h e r  by increasing t h e  s i z e  of t h e  c o l l e c t o r  
o r  by increasing the  capac i ty  of s torage.  When t h e  s i z e  of c o l l e c t o r  i s  increased, 
more energy i s  co l lec ted  dur ing  sunny days and s torage i s  kept t o  a l e v e l  c lose t o  
i t s  capaci ty .  
When t h e  capac i ty  of storage is increased for t h e  same c o l l e c t o r  s i z e ,  more i s  
s tored ,  l e s s  i s  col lected and l e s s  i s  l o s t  through s torage overflow. 

A t  the  same t i m e ,  more energy i s  l o s t  through s torage overflow,&. 

I n  e x i s t i n g  equipment, c o l l e c t o r  expense i s  t y p i c a l l y  higher than s torage ex- 
pense. 
storage.  
marginal expenditure on s torage  both y ie ld  the  same incremental gain i n  output at the  
g i v e n d l e v e l .  Needless t o  say, it w i l l  not b e  p o s s i b l e  t o  car ry  out such optimization 
with the s implif ied approach used herein.  T h e Q r e l i a b i l i t y  of equipment cannot be 
spec i f ied  a t  t h e  present  t ime (or i n  absence o f  a more s p e c i f i c  climate descr ip t ion  
and use funct ion)  and hence we can hope only t o  cover the  probable range of costs .  
One might th ink  of increased system cos ts  f o r  the  same average output as expenditures 
f o r , t h e  sake of higher q u a l i t y  energy. 

Solar Power Systems 

( 2 )  thermodynamic (Tabor); and (3) so la r  pond. 
shown i n  Table 5. The technologies  are  i n  var ious s t a t e s  of development and cost  
es t imates  a r e  by no means as  f i rm a s  they were f o r  nuclear e l e c t r i c  power. Annual 
equivalent c a p i t a l  cos ts  a r e  calculzted at 6 per  cent i n t e r e s t  with sinking fund de- 
prec ia t ion .  
ferences i n  tax s t ruc tures  throughout t h e  world. It w i l l  be noted t h a t  f ixed  kilowatt  
capaci ty  i s  r a t e d  at an energy i n t e n s i t y  considerably above t h e  year ly  average, though, 
of course,  t h e  kilowatt-hour output i s  based on t h e  year ly  average. 

This means t h a t  opt imizat ion usual ly  requi res  an expansion of expenditure o n  
The optimum i s  achieved when t h e  marginal expenditure on c o l l e c t o r  and t h e  

Three types  of so la r  power systems w i l l  be  considered: (1) thermoelectr ic ;  
Cost es t imates  f o r  t h e  t h r e e  are  

No t a x  burden i s  imputed t o  t h e  s o l a r  equipment i n  recogni t ion of d i f -  

The thermoelectr ic  and thermodynamic systems are  focussing systems and hence use 
only d i r e c t  normal rad ia t ion .  The thermoelectr ic  system uses a paraboloid r e f l e c t o r  
which i s  continuously adjusted so a s  t o  remain normal t o  t h e  solar beam at all times. 
The Tabor u n i t  achieves energy concentration by focussing d i r e c t  r a d i a t i o n  i n  long 
c y l i n d r i c a l  r e f l e c t o r s  t h a t  a r e  adjusted on an east-west ax is  i n  such a way a s  t o  
s e t  t h e  aper ture  of t h e  c y l i n d r i c a l  r e f l e c t o r s  approximately normal t o  the  sun's rays 
at so la r  noon. 
( d i r e c t  p lus  d i f fuse)  on a hor izonta l  surface.  
Table 5, d i r e c t  rad ia t ion  was separated from d i f f u s e  r a d i a t i o n  using methods described 
i n  t h e  reference c i t e d  by footnote  50, above. 

The solar pond i s  a nonfocussing device t h a t  uses all rad ia t ion  
I n  making t h e  ca lcu la t ions  f o r  

The thermoelectr ic  system cons is t s  of an 8-foot  diameter paraboloid co l lec tor  
focussed on a thermocouple c l u s t e r .  
connected i n  such a way as toiachieve maximum e l e c t r i c  power output .  
energy conversion f a c t o r  of 4 p e r  cent i s  used t o  take account of all energy losses  
( o p t i c a l ,  thermal and e l e c t r i c a l ) .  
quest ionnaire  survey of manufacturers o f  thermocouples, adapted from e a r t h  s a t e l l i t e  
power appl ica t ions .  Since t h e  cos ts  are  representat ive,  no s ing le  physical  thermo- 
couple i s  envisaged. 
on two bases:  
and ( 2 )  cos ts  of s imi la r  devices  a s  they might e x i s t  w i t h  volume production. 
i n  t h e  l a t t e r  category are  used f o r  the  thermoelectr ic  system. 

The Tabor u n i t  focusses 'energy on tubes i n  which va or i s  heated t o  dr ive  a 
highly e f f i c i e n t  small tu rb ine  designed f o r  the  s y ~ t e m . 5 ~  Energy i s  s tored by a 
phase transformation a t  about 150' C, but other  information about s torage i s  not 
ava i lab le .  A f u l l  sca le  p i l o t  u n i t  of t h e  system has been constructed.  
have been estimated by Dr. Tabor f o r  production of p a r t s  using t h e  technology of t h e  
experimental u n i t .  

The load and a- lead-acid s torage b a t t e r y  a re  
An o v e r a l l  

Representative cos ts  a re  reported,  based on a 

I n  t h e  quest ionnaires ,  respondents were asked t o  es t imate  cos ts  
(1) cos ts  of e x i s t i n g  devices, o f t e n  b u i l t  for experimental purposes; 

Costs 

The cos ts  1 
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FIGURE 1 

SOLAR ENERGY FLOW DIAGRAM 

I + 
Collector - a, Use or > storage 

switch en 

or loss Use, rn 
switch 

overflow loss 
switch 
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Notation: 
an, bn, en, dn, dn, sn 
qn, Bn, %,An 
rn 
Sn 
K capacity of. storage 

energy flows net of losses in time period n 
energy losses in time period n 
energy needed for use in time period n 
total energy in storage at the end of time period n 

Identities : 
1. Radiation received in time period n = an + Lyn 
2. an = bn + en 
4. cn = dn +yn 

Functional relationships: 
5. CUn 5 fl (radiation received in n, otherclimatological parameters in time period n) 
6. @ n 
7. A n  = f3 (Sn-1, storage parameters) 

3.  bn = En + p n  

f2 (bn, transfer of energy parameters) 

a. %=k if an3rn 

9. dn =rn if o . I%+ n 

if K-Sn 2 Cn 

K-Sn if K-SnS Cn 

rn-en if s n b  rn-en 

ii o t s n 4  rn-en 
10. sn f n  
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FIGURE 1 (continued) 

Note: 1. All use occurs at the end of a time period 
2. Priority of use i e  en, then Sn 
3. All energy is put in storage at the end of a time period 

Initial conditions: 
So = amount in storage at time 0 
S = So+ dn -An - sn 

Per fonnance measurement : 

if en + sn = rn 

if en + sn 4 rn 
Let &=[ 

T h e n $ = g p n  is the number of time periods sufficient energy was available 

Source: The author is indebted to Professor Jesse Shapiro for this conceptualization. 

,! 
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TABLE 5 

ESTIMATED SOLAR POWER COSTS 

(180 Kcalfcm? yr.  g loba l  r a d i a t i o n  on a hor izonta l  sur face  = 
194.5 kwhrfft. ,yr.  g loba l  r a d i a t i o n  on a hor izonta l  sur face)  t 

Thermoelectric Thermodynamic Solar Pond 
u n i t  (Tabor) u n i t  (based on design only) 

Available 238 185 
rad ia t ion ,  d i r e c t  d i r e c t ,  with 
kwhr / f t ? , yr  . normal adjustment around 

194.5 
global on 
hor izonta l  

east-west a x i s  sur face 

Size,  wa 0. 175d 4.64 14,000/km2 

Output, kwhrfyr. 481. 10,070.e 31.5 X 106/km2 

Capi ta l  cos tb  
$ 

$/KW 
295. 

1690. 

Annual equiv. 
c a p i t a l  cos t ,  
m i l l  sfkwhr . 

no storage 83.3 
1 day storage 103.0 
2 day storage 121.8 
3 day storage 141.0 
5 day s torage  179.6 

h 
3100. roughly 3.0 X lo6 

668. 2 14 

8.22i 
51.6 
56.6f 

Operation and 
Maintenance ? ? about L.0 

a Ins t a l l ed  capac i t i e s  are r a t ed  a t  t h e  high energy i n t e n s i t y  l eve l  of 80 cal/cm?,hr. 
(= 757 kwhr/f$.,yr.) 

Capi ta l  cos t  i s  exclusive of s torage  f o r  t h e  thermslec t r ic  and thermodynamic systems, 
but not fo r  the  s o l a r  pond. 

Annual equivalent c a p i t a l  cos t  i s  ca lcu la ted  using 6 percent i n t e r e s t  with sinking fund 
depreciation. 
ed usefu l  l i ves .  The term “1 day storage” means 24 hours of s torage .  

Assuming 4 percent energy conversion e f f ic iency .  

Different components of each system are evaluated using d i f f e r e n t  expect- 

e Computed by l i nea r  ex t ropola t ion  from2the 10,000 kwhr output repor ted  by Tabor with an 
ava i l ab le  in su la t ion  of 185.0 kwhr/ft.,yr. 

The Tabor thermodynamic u n i t  includes only 16 kwhr of s torage ,  which a t  t h e  assumed 
r a t e s  o f  production w i l l  last 18 hours. 
t he  cap i t a l  cos t  l i s t  above. 
ab le  f u e l  such as kerosene, gas, fue l  o i l ,  wood o r  ag r i cu l tu ra l  wastes. 
16 kwhr of s torage ,  the  designers recommend use of t he  standby. 

Assuming 1# percent energy conversion e f f ic iency .  

A standby b o i l e r  and con t ro l s  are included i n  
The standby equipment can be obtained t o  burn any s u i t -  

Beyond the  
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TABLE 5 (continued) 

Calculated by using Tabor's figure of $250,000. for the bare pond with free brine 
available, plus $20O/KW for power generating equipment of the type required as in 
R. L. Humel, "Power as a By-Product of Competitive Solar Distillation", United 
Nations, E/Conf. 35/S/15 (Rome, 1961). A twenty year life of theee components was 
assumed. 

Storage and collector are combined in the solar pond. The thermal inertia of the 
pond is so great that no storage shortage can arise within a time period of weeks 
or perhaps months after the pond reaches an adequate temperature for operation. 

Source : Thermoelectric System: Representative figures from questionnaire survey 
conducted by Richard A. Tybout and George 0. G. Lgf ,  Winter 1961-62. 
Thermodynamic System: H. Tabor and L. Bronicki, "Small Turbine for Solar 
Energy Power Package", United Nations E/Conf. 35/S/% (Rome, 1961), supple- 
mented by personal correspondence. 
Solar Pond: H. Tabor, "Large Area Solar Collectors (Solar Ponds) for Power 
Production" United Nations E/Conf. 35/S/47 (Rome, 1961), except as noted 
in footnote h. 4 

I 

1 



49 

The so lar  pond i s  not ye t  a technologicdl ly  proven device.  Also conceived by 
D r .  Tabor, t h e  object  i s  t o  suppress convection i n  a s ta t ionary  pond of water and 
hence t o  use t h e  water as  an insu la tor  over an a r t i f i c a l  black bottom about 1 - 2  
meters deep. To prevent hea t  t r a n s f e r  by convection, D r .  Tabor and h i s  associates  
a t  t h e  National Physical Laboratory of I s r a e l  have attempted t o  s t a b i l i z e  a densi ty  
gradient  of magnesium chlor ide or other  s u i t a b l e  salt t o  have a h igh  concentration 
(and high densi ty)  at the  bottom taper ing  off  t o  n e g l i  i b l e  concentrat ion at t h e  top. 
Numerous technological  problems have been encountered,T2 among them the  problem of 
ex t rac t ing  hea t  from the  bottom while maintaining a t o l e r a b l e  temperature gradient .  
Prospective cos ts  (contingent on technological  success) are  worth noting. The da ta  
a re  given i n  square kilometers of surface,  ind ica t ing  something of the  s i z e  of an 
operat ing pond envisaged by i t s  designers .  If f r e s h  water i s  at a premium, it 
would be possible  (other  problems solved) t o  combine d i s t i l l e d  water production with 
e l e c t r i c  power production t o  t h e  economic advantage of both.  

A l l  of t h e  so la r  power systems shown i n  Table 5 have c o s t s  a t  l e a s t  one order 
of magnitude above those of  nuclear power and even so a re  s t r a i n i n g  a t  t h e  edge of 
the  technica l ly  f e a s i b l e .  S t r i c t l y  speaking, however, s o l a r  and nuclear power are  
not comparable because of di f fe rences  i n  s ize .  Also re levant  i s  t h e  f a c t  t h a t  the  
technica l  manpower devoted t o  so la r  energy has  been i n f i n i t e s i m a l  compared with t h a t  
which has been devoted t o  nuclear power. 

The small  s i z e  of t h e  so la r  power u n i t s  places  them i n  competition with d i e s e l  
e l e c t r i c  power. 
high. For example, a s  p a r t  of current  e f f o r t s  f o r  t h e  development of t h e  Brazi l ian 
Northeast ,  a la rge  number of d i e s e l  p l a n t s  a r e  being i n s t a l l e d ,  ranging i n  s ize  from 
28 KW t o  250 KW capacity.53 
power throughout t h e  a rea  regardless  o f  t h e  l o c a t i o n  of t h e  d i e s e l  u n i t s .  I n  point  
of f a c t ,  t h e r e  i s  a f i f t y  per  cent  v a r i a t i o n  i n  cost  of d i e s e l  f u e l  among places  t o  
be served. The r a t e  t o  be establ ished i s  46.3 miUs/kwhr i n  t h e  e a r l y  years  of the  
p r o j e c t ,  u l t imate ly  t o  be reduced t o  36.9 mills/kwhr as  higher use  f a c t o r s  are ob- 
ta ined.  With regional  v a r i a t i o n s  i n  d i e s e l  f u e l  cos ts ,  t h e r e  are l o c a l i t i e s  where 
the  t r u e  c o s t s  a r e  of t h e  same order of  magnitude as t h e  Tabor u n i t ,  though a number 
of d i f f i c u l t i e s  remain i n  making the  comparison. For example, t h e  d i e s e l i z a t i o n  
program requires  t h e  t r a i n i n g  of l a r g e  numbers of service mechanics. What would be 
the  requirements with s o l a r  power? Anticipated d a i l y  use p a t t e r n s  do include night 
l i g h t i n g  i n  Northeast Braz i l ,  but a l so  important daytime loads.  Similar  f indings 
apply t o  high d i e s e l  f u e l  areas  of r u r a l  India .  
between d i e s e l  and so lar  power cannot be made here ,  but  it i s  c l e a r  t h a t  so la r  power 
cos ts  a re  of the  r i g h t  order of magnitude f o r  c e r t a i n  appl ica t ions  i n  t h e  small 
power f i e l d .  I f ,  a s  a nat ion,  we are  i n t e r e s t e d  i n  t h e  energy resource problems of 
l e s s  developed areas ,  it appears t h a t  s o l a r  power warrants increased a t ten t ion .  
Enough has been said t o  show t h a t  i t s  appl ica t ions  w i l l  be complementary with nuclear 
power from an economic development standpoint.  

The cos t  of t h e  l a t t e r  i n  overseas i n s t a l l a t i o n s  i s  of ten  r e l a t i v e l y  

The plan i s  t o  e s t a b l i s h  t h e  same r a t e s  f o r  e l e c t r i c  

A f u l l  ana lys i s  of t h e  comparison 

Solar Space Heat 
The grea tes t  p o t e n t i a l  bulk market t h a t  appears within reach of s o l a r  technolo- - 

g i e s  i s  i n  space heat ing.  
energy consumed i n  the  United S t a t e s  i s  f o r  space heat.5' Putnam estimates that by 
year 2000, so la r  space hea t  w i l l  ca r ry  o n e - f i f t h  the  t o t a l  comfort heat ing load.?? 
One might i n f e r  t h a t  t h e  prospects  a r e  at l e a s t  as  a t t r a c t i v e  a t  t h e  same l a t i t u d e s  
(north and south) throughout t h e  world. 

A s  previously noted, approxim t e l y  20 per cent o f  all 

Solar space heat  can be made avai lable  i n  grea te r  or  smaller degree by the  
a rch i tec ture  of a bui lding without any spec ia l  so la r  energy equipment. 
with south-facing windows (north-facing i n  t h e  southern hemisphere) der ive considerable 
d i r e c t  heat from t h e  sun. Design f o r  capture of t h i s  por t ion  of t h e  t o t a l  so la r  energy 
and design f o r  o ther  purposes a r e  inext r icably  re la ted .  
thermal insu la t ion ,  of t h e  hea t  absorbing q u a l i t i e s  of i n t e r i o r  furnishings and other  
a t t r i b u t e s  of any given s t r u c t u r e .  

All buildings 

The same can be said of 

Overal l  optimization of a r c h i t e c t u r a l  and so la r  



heat ing design i s  required f o r  each separate  loca t ion ,  though for  purposes of the 
broad general  comparisons t o  be  made herein,  it i s  s u f f i c i e n t  t o  consider a s ing le  
standard dwelling i n  all loca t ions .  

A r e l a t e d  complication i s  found i n  mult iple  outputs  of t h e  co l lec tor  system. 
A s o l a r  hot  water heat ing component i s  genera l ly  added t o  the space hea ter .  
cooling arrangements and f a c i l i t i e s  can be included. 
severa l  outputs all of which u s e  some p a r t s  of t h e  solar  equipment i n  common and 
all of which have t h e i r  own incremental  cos ts .  
complicated and some semi-arbi t rary cost  a l loca t ions  cannot be avoided. 

Space 
The r e s u l t  i s  t o  produce 

Cost f ind ing  i n  such cases becomes 

An e n t i r e l y  d i f f e r e n t  kind of output t h a t  can be furnished by so lar  c o l l e c t o r s  
i s  s h e l t e r .  
I n  such cases,  they  furn ish  a s h e l t e r  service t h a t  would otherwise requi re  t h e  con- 
s t r u c t i o n  of a convent iond roof  and/or w a l l .  
c o l l e c t o r  are  d i f f e r e n t  products  w i t h  a common cos t .  
t h i s  i n  ca lcu la t ing  the  cos t  of s o l a r  space hea t .  

Solar  c o l l e c t o r s  may c o n s t i t u t e  t h e  roof and/or south w a l l  of a building. 

The s h e l t e r  and energy outputs of the  
It i s  appropriate t o  recognize 

The s o l a r  energy system t o  be analyzed i n  t h e  present  comparison avoids t h e  
problem of  a l loca t ing  c o s t s  among space heating, space coding and s h e l t e r  by the 
simple expedient of including only a s ing le  output,  heat ,  which i s  used f o r  two pur- 
poses,  space heat ing and hot water heat ing.  The total  usefu l  heat  for both purposes 
lumped together  i s  evaluated a t  the  cos t  of the s o l a r  energy system less t h e  c a p i t a l  
c o s t  of a conventional furnace avoided. The so lar  energy "costs" so obtained are 
then compared d i r e c t l y  with conventional f u e l  cos ts ,  f o r  once correct ion has been 
made f o r  t h e  conventional furnace,  t h e  only other  c o s t s  avoided by having s o l a r  
hea t ing  i s  the f u e l  cos t .  Since s o l a r  heat ing requi res  a l a r g e  c a p i t a l  investment 
and very low operation and maintenance expenses, t h i s  means t h a t  t h e  annual f ixed 
charge on c a p i t a l  again assumes c r u c i a l  importance. The comparisons w i l l  be made 
using a 6 per  cent imputed i n t e r e s t  with sinking fund depreciat ion.  No tax burden 
i s  assigned s ince solar  hea t ing  i s  b e s t  f o r  p r i v a t e  residences,  not f o r  commercial 
bui ldings unless  small (1 or 2 s tory)  bui ldings a re  considered. 
business  purposes would have t o  be evaluated with due recogni t ion of an addi t ional  
t a x  respons ib i l i ty .  

Capi ta l  used for  

Operation and maintenance on a so lar  energy system c o n s i s t  of e l e c t r i c i t y  con- 
sumed, annual cleaning of t h e  c o l l e c t o r  cover and whatever r e p a i r s  a r e  necessary. 
The system can be designed i n  such a way a s  t o  requi re  very l i t t l e  maintenance and 
have a long l i f e  (25 y e a r s ) .  
cheaper s t r u c t u r e  can be used, espec ia l ly  for t h e  c o l l e c t o r ,  a t  t h e  expense of higher 
maintenance and shorter  l i f e .  Then, t h e  system i s  l e s s  c a p i t a l  in tens ive  and more 
labor  intensive.  
if appropriate) ,  t h e  more economically e f f i c i e n t  it i s  t o  use a cheaper, l e s s  durable 
c o l l e c t o r .  

Such a system i s  considered herein.  Alternat ively,  a 

The higher t h e  cos t  of c a p i t a l  r e l a t i v e  t o  labor  (one's own labor ,  

Table 6 gives  es t imates  o f  solar heat c o s t s  f o r  hot water plus  space heat  i n  a 
standard (representat ive s o l a r  heated) house loca ted  i n  d i f f e r e n t  p a r t s  of the  United 
S t a t e s .  Costs shown i n  P a r t  A a r e  f o r  a s o l a r  heat ing system i n  current  use f o r  
heat ing a residence near Denver. The c o l l e c t o r  i s  mounted separately at a southernly 
tilt on a f l a t  roof.  The c o l l e c t o r  a rea  i s  r e l a t i v e l y  s m a l l  compared with house 
hea t ing  needs and, i n  f a c t ,  suppl ies  only about one quar te r  of the heat required 
over the  course of a year .  A conventional auxi l iaxy  furnace supplies t h e  remainder. 
Costs i n  P a r t  A a re  given under two headings, "experimental" and "commercial." 
experimental u n i t  i s  t h e  one a c t u a l l y  i n  operation, except a s  noted i n  footnote  f 
of t h e  t a b l e .  The commercial u n i t  i s  of t h e  same design a s  t h e  experimental u n i t  
bu t  with c o s t s  estimated f o r  mass production of t h e  p a r t s  and corresponding improve- 
ment i n  techniques of assembly and i n s t a l l a t i o n .  
compiled but  i n  t h e i r  nature  a r e  subject  t o  normal es t imat ing e r rors .  

The 

The est imates  have been careful ly  



Hot Water 
Components 
Capital  

5'1 

TABLE 6 

SOLAR HEAT COSTS 

Part A 
Colorado House Solar Heat Costs, d o l l a r s  

(Collector Area - 530 square f e e t )  

Solar equipment 
Assembly and i n s t a l l a t i o n  
Standard gas  hea ter  
Total 

Space .Heat and A l l  

Present Unit 
(.Experimentall 

250 
150 
230 
630 
- 

Other Components 
Capital  

Collector 32OOf 
Storage 350 
Special  con t ro l s  and equipment 1230 
Standard equipment 730 

3840 
Total 9350 
Assembly and i n s t a l l a t i o n  - 
Saving on conventional furnace 
Net c a p i t a l  cos t  

-800 -600 - -  
a550 a750 

A l l  Capital  Costs 9180 9380 

Annual equivalent c a p i t a l  costsa 704. 735. 
20. 20. Annual operating and maintenance - -  

Annu@ Total 724. 755. 

Prospec.tive Unit 
_(Commercial ) 

50 
50 

1200 
350f 
2 00 
700 
800 

3250 
- 

-800 -600 - -  
2450 2650 

2780 2980 

218. 235. 
20. 20. 

238. 255. 
- -  

Par t  B 
Performance of Standard House with Long Term Average Inso la t ion  

Blue H i l l  Medford Columbia Atlanta Albuquerque 
Mass. Ore. MO . Ga . N.M. 

Degree days /F .  6,392 
Conventional furna e saving, $ 800 
Collector Area, f t  5 1,410 

Capital  cos t s ,  SC 5,780 
Annual cos t s ,  $ 

Equivalent annual c a p i t a l  cos tsa  452 
53 

Total  505 
Operation and maintenanced - 

Inso la t ion  ( t i l t e d  a t  l a t i t u d e  plus 15O) 695 

Solar house heat supplied, lo6 BTU/yr. 
Solar water hea t  supplied, lo6  BTU/yr. 

169.4 - 24.5 
193.9 Total  so l a r  hea t  supplied, lo6 BTU/yr. 

Solar  energy cos t ,  $/lo6 BTU 2 . 6 0  

4,547 
600 

1,970 

8,090 

6 34 
74 

708 

1,172 

159.1 
24.4 

183.5 

3.86 

- 

- 

5,113 
800 

1,280 

5,280 

414 
48 

462 

744 

119.4 
24.0 

143.4 

3.22 

I 

- 

2,826 
600 
64 0 

3,070 

24 1 
24 

265 

391 

98.9 
23.0 

121.9 

2.08 

- 

- 

4,389 
800 
710 

3,130 

245 
27 

272 

558 

123.9 
23.5 

147.4 

1.85 

- 

- 
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TABLE 6 (continued) 

Anthracite 
Bituminous coal 
Fuel o i l  
Gas 

Par t  C 
Conventional Fuel Costs, $/lo6 B T U ~  

Boston Portland St.  Louis Atlanta Albuquerque - Mass. Ore. Mo . Ga . N.M. 
1.86 not 

2.04 1.88 2.13 
1.62 1.62 1.06 1.06 

2.22 1.33 1.53 ava i lab le  

a Calculated using 25 year expected l i f e  with sinking fund depreciation and 6 percent 
i n t e r e s t  r a t e .  Imp l i c i t l y  the same treatment i s  being given t o  c a p i t a l  saved on 
conventional furnace as t o  s o l a r  equipment cap i t a l .  

The number of degree days i s  computed by adding t h e  d i f fe rences  between the  average 
d a i l y  temperatures (in°F) and 65O F f o r  a l l  lower atmospheric temperatures. 

Capi ta l  c o s t s  are based on prospec t ive  commercial un i t  adjusted a s  follows: (1) col- 
l e c t o r  p lus  assembly c o s t s  a r e  assumed the  same per square foot of co l l ec to r  a rea  i n  

solar heating system costs (including both space and hot  water heating) are assumed 
i d e n t i c a l  i n  a l l  other l oca t ions  a s  i n  the  Colorado house prospective commercial 
u n i t ;  and (3) conventional furnace cos t s  saved a r e  subtracted i n  the indicated 
amounts from the  t o t a l  found i n  s t e p s  (1) and (2).  

Operation and maintenance c o s t s  based on Colorado house prospective commercial u n i t  
prorated by area  of c o l l e c t o r  fo r  each location. 

a l l  l oca t ions  as i n  the Colorado house prospective commercial u n i t ;  (2) a l l  o ther  i 

! e The following national average hea t  e f f i c i enc ie s  were used: gas, 80 percent;  anthra- 
c i t e ,  62 percent;  bituminous coa l  ( s toker ) ,  59 percent; o i l ,  57 percent; and bitumi- 
nous coa l  (hand f i r e d ) ,  48  percent.  

3,000 gal.  water tank s u b s t i t u t e d  f o r  rock bed i n  ac tua l  use a t  Colorado house. 
Cost of tank provided by E. Speyer. See Source f o r  P a r t  B. 

Source: Par t  A. C p t s  r epor ted  on experimental un i t  by owner of Colorado house, 
G. 0.  F. Lof, except a s  indicated by footnote f. 
mercial production of same so la r  heating system by G. 0.  G. Lof. 

P a r t  B. 
of Heat with a Solar House", Solar Energy, Vol. 111 ( December, 1959), 
pp. 34-40. Costs are from P a r t  A, as explained i n  footnotes. 

Par t  C. American Gas Association, Gas Fac ts  1961-62, p. 238. 

Cost estimased f o r  com- 

Fundamental d a t a  on performance are from E. Speyer, "Optimum Storage 

i 
t 
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It w i l l  b e  noted t h a t  a standard gas h e a t e r  i s  included wi th  t h e  solas hot water 
c o s t s .  
l i a r y  heat  i n  the  f i c t i t i o u s  house used as  a standard (not i n  t h e  a c t u a l  Colorado 
house). 
water hea te r  i s  connected i n  such a way as  t o  d e l i v e r  addi t iona l  heat  t o  t h e  water 
i n  s torage when, a s  and i f  

This i s  an oversized hea ter  t h a t  w i l l  serve t h e  funct ion of furnishing auxi- 

Since our standard house has water s torage of solar h e a t ,  t h e  oversized hot 

Par t  B i s  based on ca lcu la t ions  made by Speyer f o r  t h e  standard house i n  d i f -  
fe ren t  loca t ions  .57 Speyer ' s  ca lcu la t ions  were based on average weather conditions 
month-by-month and took account of p a t t e r n s  o f  weather i n  sequence, insofar  as  such 
pa t te rns  are  represented i n  averages.58 
have been obtained if nonaveraged da ta  had been used on an hour-to-hoar or day-to-day 
b a s i s .  The object  of design w a s  t o  s a t i s f y  average weather requirements on t h e  assump- 
t i o n  t h a t  gas heat  would be used for  h o t  water during t h e  months of December, January 
and ha l f  of February. The optimum storage capaci ty  was found t o  be 3000 gallons of 
water i n  a l l  loca t ions  shown, but  co l lec tor  a rea  var ied  widely. The solar heating 
system used by Speyer was not completely described i n  his study, bu t  wits c l e a r l y  re -  
presenta t ive  of technologies i n  existence today.59 
performance of the  so la r  heat ing system costed f o r  t h e  Colorado house i n  P a r t  A. 

Needless t o  say, d i f f e r e n t  r e s u l t s  would 

It i s  used here  t o  descr ibe t h e  

The e f f e c t  of  d i f f e r e n t  weather condi t ions on output a r e  i l l u s t r a t e d  i n  Par t  B. 
Thus, t h e  c o l l e c t o r  area required i n  Medford, Oregon i s  considerably g r e a t e r  than 
t h a t  i n  Blue H i l l  or Columbia despi te  t h e  f a c t  t h a t  Medford has a lower average number 
of degree days. This r e s u l t s  from the  high frequency of overcast  winter skies i n  
Medford. The more southern loca t ions  i n  the  United S t a t e s  can achieve r e l a t i v e l y  
grea te r  advantage from so lar  heat ,  as exemplified by Atlanta ,  bu t  t h e  grea tes t  advan- 
tage i s  i n  loca t ions  such as  Albuquerque where a high hea t  demand, due t o  a l t i t u d e  
above sea  level. i n  t h i s  case,  i s  combined with a r e l a t i v e l y  low lati tu.de and c l e a r  
sk ies .  

Par t  C i n  Table 6 gives  t h e  bas i s  f o r  an approximate cos t  compariscn. Since 
c a p i t a l  investment i n  conventional furnace f a c i l i t i e s  has been subtracted from t h e  
c a p i t a l  cos ts  of t h e  solar heat ing systems, t h e  remaining. c o s t s  of solar heat ing 
c a p i t a l  a r e  comparable t o  the  f u e l  cos ts  from conventional energy sources.  
are  shown i n  Part  C of Table 6 f o r  loca t ions  i n  t h e  same cl imate  a reas  used by Speyer 
(except f o r  Albuquerque, f o r  which f u e l  cost  d a t a  were unavai lable) .  The approximate 
nature  of the  comparison should be emphasized. 
systems i n  d i f f e r e n t  loca t ions  were a funct ion of Speyer 's  standard house design. 
Archi tectural  improvements would reduce t h e  requirements of solar energy, but also 
the  requirements f o r  conventional heat.  D i f f e r e n t i a l  e f f e c t s  of a r c h i t e c t u r a l  changes 
could not be invest igated in t h e  present  comparison. 

The l a t t e r  

The demands on t h e  solar heating 

The cos t  comparisons i n  Table 6 show t h a t  present  technologies ,  even with t h e  
advantage of commercial production, do not o f f e r  a s  low a cos t  of hea t  a s  t h a t  afforded 
by commercial f u e l s  i n  the  s p e c i d  context of t h e  comparison. Nevertheless,  solar 
heat c o s t s  appear s u f f i c i e n t l y  c lose t o  conventional heat  c o s t s  that any one of a 
number of circumstances could make so lar  heat ing economically a t t r a c t i v e .  A techno- 
l o g i c a l  break-through i n  c o l l e c t o r  design would have t h e  g r e a t e s t  e f f e c t .  Short of 
t h i s ,  the  design of mult iple  purpose units t h a t  serve a s h e l t e r  purpose and a space 
cooling purpose (where t h i s  l a s t  output has s u f f i c i e n t  value t o  cover i t s  own spec ia l  
equipment cos ts )  would reduce space heat ing cos ts .  Several. such designs a re  i n  use i n  
various experimental bui ldings,  but  they have not benef i t ted  from t h e  commercial scale  
of production assumed f o r  t h e  u n i t  i n  Table 6. 

The requirement o f  e l e c t r i c a l  energy t o  d r i v e  pumps and blowers reduces the  pros- 
pec ts  f o r  use of so la r  space heat  i n  l e s s  developed countr ies .  Technologies combining 
so lar  power and solar space heat  can, of course,  be designed f o r  use  where e l e c t r i c i t y  
i s  not avai lable ,  but with t h e  disadvantageous pos i t ion  of so la r  power today, these  
would be of s t i l l  higher cos t .  
as other  kinds of energy demands i n  most underdeveloped areas .  

Fortunately,  space hea t ing  demands a re  not a s  urgent 

I 

L 
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Solar hot water heat ing,  on t h e  o ther  hand, i s  already widely pract iced.  About 
350,000 u n i t s  were i n  use i n  Japan i n  1961 and about 10,000 i n  I s rae l .59  
number of  s o l a r  ho t  water h e a t e r s  are  found i n  North Afr ica  and u n t i l  gas became 
cheap i n  Flor ida,  they were i n  f requent  use t h e r e .  Many a r e  of t h e  simple box type,  
q u i t e  inexpensive and, of  course,  subject  t o  v i c i s s i t u d e s  i n  the  a r r i v a l  of solar 
energy. 
ignored. 
Compare i n  Table 6 the r e l a t i v e  heat needed t o  s a t i s f y  t h i s  demand with t h a t  required 
f o r  space hea t ing  i n  t h e  d i f f e r e n t  loca t ions ,  remembering t h a t  i n  Speyer's calcula-  
%ions the  hot  water load i s  s a t i s f i e d  by conventional f u e l  for 2+ of t h e  twelve 
months. 

A la rge  

The energy load c a r r i e d  by solar hot  water hea te rs  i s  small, but  not t o  be  
Speyer assumed a hot  water demand of 120 gal lons per day heated t o  1400 F. 

Solar  D i s t i l l a t i o n  

i n  operat ion i n  t h e  a r id  r sg ions  of Mediterranean North Afr ica  and t h e  Near East. 
Others can be found, o f t e n  on an experimental bas i s ,  elsewhere i n  t h e  world. Repre- 
s e n t a t i v e  c o s t s  have been est imated f o r  t h r e e  kinds of d i s t i l l a t i o n  technologies i n  
Table 7. The small roof d i s t i l l e r  i s  made of blackened asbestos  cement with a g lass  
cover.  The t i l t e d  wick (Telkes) u n i t  evaporates water from a replaceable  t e r r y  cloth 
surface over which br ine descends. The deep basin design eva ora tes  by batch or con- 
t inuous process from ponds f i l l e d  t o  a depth of  about 1 foot.go A number of other  
technologies a r e  now under inves t iga t ion ,  including forced convection systems, multiple 
e f f e c t  evaporation and t h e  use o f  i n f l a t a b l e  p l a s t i c  covers of var ious designs.  

Several  hundred s m a l l  home so lar  d i s t i l l e r s  and q u i t e  a few of l a r g e r  s i z e  a r e  

The data shown i n  Table 7 b r i n g  out  once again t h e  emphasis of solar technologies 
on small  sca le  appl ica t ions .  
per  day, s o l a r  d i s t i l l a t i o n  i n  t h e  United S ta tes  i s  more expensive than conventional 
f u e l  d i s t i l l a t i o n .  The c o s t s  o f  the  l a t t e r  have been estimated a t  an a t ta inable  
l e v e l  of $1.50 per  thousand ga l lons  a t  t h e  100,000 ga l lon  per  day output.61 The 
c o s t s  o f  s o l a r  d i s t i l l a t i o n  a re  c lose enough, however, t h a t  communities i n  the  Medi- 
terranean a r e a  f ind  it economically advantageous t o  i n s t a l l  solar d i s t i l l a t i o n  f a c i -  
l i t i e s .  Their ca lcu la t ions  on t h i s  po in t  are  sometimes influenced by l o c a l  unemploy- 
ment (which can be used f o r  solar p l a n t  construct ion)  and t h e  coincident problem of 
acquir ing fore ign  exchange t o  f inance f u e l  imports. 
s o l a r  energy i n  t h i s  case i s  analogous t o  t h a t  p o t e n t i a l l y  ex is ten t  f o r  solar power 
appl ica t ions .  

Even a t  t h e  r e l a t i v e l y  l a r g e r  output of 100,000 gallons 

The comparative advantage of 

Future Applications 

There i s  ample prospect t h a t  nuclear  power w i l l  be more widely used i n  t h e  United 
S t a t e s ,  hopefully with due recogni t ion of i t s  s o c i a l  cos ts  as wel l  as  i t s  economic 
b e n e f i t s .  It i s  a l s o  q u i t e  conceivable t h a t  solar energy w i l l  assume some of the  
space heat ing load i n  t h e  American economy before t h e  end of  t h e  twent ie th  century, 
but  t h i s  depends on f u r t h e r  technological  progress.  

I n  overseas areas ,  t h e  s ign i f icance  of unconventional resources i s  comparatively 
g r e a t e r .  
i n  t h e  foreseeable  fu ture  o r  of experiencing important r e a l  cost  increases  before t h e  
end of the present  century.62 The same cannot be s a i d  of several  other world regions. 

mope,  t h e  world 's  h i s t o r i c  coal  exporting region, i s  now a net  importer 
of all. f u e l ~ . ~ 3  High dens i ty  markets and high energy cos ts  have given impetus t o  
s u b s t a n t i a l  programs f o r  i n s t a l l a t i o n  of nuclear power, i n  B r i t a i n  and on t h e  cont i -  
nent.  The same logic  appl ies  t o  Japan. 

Conventional energy resources  i n  t h i s  country show no s igns of exhaustion 

Western 

Even more d i f f i c u l t  i s  t h e  energy resource pos i t ion  i n  which most of the  l e s s  
developed nat ions f ind  themselves. 
prospect before  t h e  end of  t h e  twent ie th  century f o r  t h e  Lat in  American count 
a whole, f o r  Asia except t h e  Soviet  Union and mainland China, and f o r  Africa. 
t h e  low income nations i n  these  regions a re  t o  achieve t h e  standards of l i v i n g  they 

The most ser ious energy resource problems are  i n  

I 

i 
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TABLE 7 

ESTIMATED SOLAR DISTILLATION COSTS 

(180 Kcal/cmz, yr. global r ad ia t ion  on a hor izonta l  
sur face  = 194.5 kwhr/ft?, y r .  global r a d i a t i o n  on 
a hor izonta l  sur face)  

Roof T i l t e d  Deep Basin 
Evapora tora  Wick S t i l l b  S t i l l C  

194.5 226 194.5 
g loba l ,  on hor i -  g loba l ,  on global ,  on h o r i -  
zontal  sur face  t i l t e d  surfacee zontal  surface 

Size,  f t ?  sur face  12.4 25 1.1 x 106 

Output, average 
annual, gal/day 1.435 4.21 

Capi ta l  cos t ,  $ 61.5 38.0 

Annual equivalent 
Expected l i f e ,  years  20 5-10 

cap i t a l  cos t ,  $/lOOOd gal.  10.27 5.88 - 3.36 

Operation and 
maintenance, $/ZOO0 ga l .  4.00 1.63 

100,000 

1.12 x 106 
50 

1.95 

0.263 

Total  cos t ,  $/lo00 ga l .  14.27 7.51 - 4.99 2 . 2 1  

a Representative cos t s  based on hundreds of u n i t s  a l ready  i n  use i n  Mediterranean 
North Africa. 

b Costs of experimental u n i t s ,  20 or  30 of which have been constructed.  Costs could 
be expected to  dec l ine  somewhat with volume production. 

C Costs estimated by scale-up of 300 gallon per day experimental u n i t ,  taking 
advantage of minor technological improvements. 

d Annual equivalent c a p i t a l  c o s t s  ca lcu la ted  using sinking fund depreciation with 
6 percent i n t e r e s t .  

e T i l t ed  a t  f ixed  angle so that plane of sur face  i s  normal t o  s o l a r  beam a t  the  
equinoxes. 

Source: Estimates were a l l  derived from questionnaires c i r cu la t ed  by Richard A. Tybout 
and George 0. G. L:f i n  Winter, 1961-62. 
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so s t rongly d e s i r e ,  they w i l l  have t o  r e l y  i n  p a r t  on f u e l  imports and/or expand t h e i r  
use o f  unconventional energy resources .  
r a t e s  of per c a p i t a  income growth, they must face t h e  same choice. 

Indeed, if they  are  t o  a t t a i n  even moderate 

Unfortunately,  both atomic and solar energy' involve c a p i t a l  in tens ive  technologies.  
The s c a r c i t y  of c a p i t a l  i n  l e s s  developed countr ies  i s  wel l  known. 
favor of conventional f u e l  appl ica t ions  which, as  we have.noted throughout, are  l e s s  
c a p i t a l  intensive.  Working i n  t h e  counter d i rec t ion ,  of course, i s  the expense of 
conventional.'fuel,transportation, of ten  over tedious overland ways. Where f u e l  imports 
a r e  concerned, t h e r e  i s  t h e  additional.  disadvantage of fore ign  exchange problems. 
value of foreign exchange i s  t y p i c a l l y  grea te r  t o  a l e s s  developed country than i s  
i t s  domestic currency. 
exchange tends t o  be lower t h e  lower t h e  per capi ta  gross  na t iona l  product of t h e  
c 0 u n t r y . ~ 5  
aga ins t  nuclear power, most o f  t h e  expenses of which requi re  t h e  use of foreign ex- 
change.66 
met b y  domestic manufacture i n  l e s s  developed countr ies .  

This f a c t  works i n  

The 

Moreover, t h e  r a t i o  o f  the  value o f  domestic currency t o  foreign 

Not only does t h i s  f a c t  work against  conventional f u e l s ,  but  it can work 

A l a r g e  par t  o f  the expense f o r  solar  equipment, on t h e  other hand, can be 

Additional ins ights  c a n  be obtained by considering the  kinds of markets nuclear 
power and so lar  energy can serve.  
noted. 
l a r g e  urban a r e a s .  
s i t y  a reas  where cot tage indus t ry ,  v i l l a g e  re f r igera t ion ,  water pumping and l i k e  appl i -  
ca t ions  a re  t h e  needs o f  t h e  hour.  The two unconventional energy resources a re  comple- 
mentary insofar  as  t h e i r  uses  i n  l e s s  developed areas  can be foreseen today. 

The high q u a l i t y  of nuclear e l e c t r i c  power has  been 

With some improvements i n  cost ,  s o l a r  energy can he lp  t h e  low den- 
It can be usefu l  f o r  t h e  high dens i ty  markets of new i n d u s t r i a l  centers  and 
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